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Microscale Robotic Wetware For Synthetic Biology
Abstract
Autonomous fleets of small-scale robots have the potential to enhance operations or open entirely new
avenues in domains ranging from medicine to manufacturing. For instance, microrobots could serve as
vehicles to deliver therapeutics, assistants to manipulate cells in microbiological experiments, or agents
to assemble microscale objects. In order to realize these applications, microrobots must locomote
precisely, gather information from their environment, communicate to share information, and use that
information to make decisions. Developing the key actuation, sensing, control, information processing,
and associated fabrication methods, which underpin these high-level tasks, is still a significant challenge.
In this dissertation, we present biohybrid approaches to microrobot design and fabrication in which
organic and synthetic materials are synergistically combined to create a new class of microscale robotic
systems, which we call "robotic wetware." By interfacing synthetic hardware and software with
programmable living cells, we develop components and subsystems to enable more functional
microrobots. We begin by designing and demonstrating biological actuation methods with an approach to
simultaneously power and control groups of microstructures using active bacterial baths. We then
introduce soft micro bio robots (SMBRs), the first microrobot platform which integrates on-board
components derived from synthetic biology. We formulate a biocompatible fabrication method based on
3D printing and molding. We design SMBRs to harbor a suite of low-level functions including actuation
and sensing, as well as sophisticated capabilities such as chemical or cellular delivery and biofilm
remediation. We actuate SMBRs using applied magnetic fields, and use genetic engineering to design and
construct living sensors, chemical actuators, and information processors which function on-board as
additional elements of the feedback control loop. Similarly, we demonstrate microrobots as components
of feedback control loops in biological circuits and show that robots carrying chemical actuators and
biosensors can interrogate synthetic biological systems at a range of spatiotemporal scales. Finally, we
develop strategies for multi-microrobot control and demonstrate teams of diamagnetically levitated
milliscale robots equipped with manipulators such that they function as mobile assistants in
microbiological experiments. These contributions constitute a suite of strategies for small-scale
actuation, control, sensing, and information processing, and together form the enabling subsystems for
autonomous biocompatible swarms.
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ABSTRACT
MICROSCALE ROBOTIC WETWARE FOR SYNTHETIC BIOLOGY
Elizabeth E. Hunter
Vijay Kumar
Autonomous fleets of small-scale robots have the potential to enhance operations or open
entirely new avenues in domains ranging from medicine to manufacturing. For instance, microrobots could serve as vehicles to deliver therapeutics, assistants to manipulate cells in
microbiological experiments, or agents to assemble microscale objects. In order to realize
these applications, microrobots must locomote precisely, gather information from their environment, communicate to share information, and use that information to make decisions.
Developing the key actuation, sensing, control, information processing, and associated fabrication methods, which underpin these high-level tasks, is still a significant challenge.
In this dissertation, we present biohybrid approaches to microrobot design and fabrication in which organic and synthetic materials are synergistically combined to create a
new class of microscale robotic systems, which we call “robotic wetware.” By interfacing
synthetic hardware and software with programmable living cells, we develop components
and subsystems to enable more functional microrobots. We begin by designing and demonstrating biological actuation methods with an approach to simultaneously power and control
groups of microstructures using active bacterial baths. We then introduce soft micro bio
robots (SMBRs), the first microrobot platform which integrates on-board components derived from synthetic biology. We formulate a biocompatible fabrication method based on
3D printing and molding. We design SMBRs to harbor a suite of low-level functions including actuation and sensing, as well as sophisticated capabilities such as chemical or cellular
delivery and biofilm remediation. We actuate SMBRs using applied magnetic fields, and
use genetic engineering to design and construct living sensors, chemical actuators, and information processors which function on-board as additional elements of the feedback control
loop. Similarly, we demonstrate microrobots as components of feedback control loops in
biological circuits and show that robots carrying chemical actuators and biosensors can
vi

interrogate synthetic biological systems at a range of spatiotemporal scales. Finally, we
develop strategies for multi-microrobot control and demonstrate teams of diamagnetically
levitated milliscale robots equipped with manipulators such that they function as mobile assistants in microbiological experiments. These contributions constitute a suite of strategies
for small-scale actuation, control, sensing, and information processing, and together form
the enabling subsystems for autonomous biocompatible swarms.
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Chapter 1

Introduction
As the field of robotics rapidly advances and evolves, its technological developments are
primed to have cascading effects on human life. Robots can perform tasks that are mundane,
dangerous, inaccessible, or were previously impossible. Remarkable progress has been made
in designing robots for large-scale construction and manufacturing, emergency response and
disaster relief, agriculture, transportation, human assistance, and medical procedures [154].
In recent years, miniaturization of robotic technology has been a rising trend with the
emergence of small-scale robots ranging from a single micrometer up to several millimeters.
Their utility spans a broad spectrum from investigative research platforms to deployable
vehicles operating in inaccessible or extreme environments. As a research platform, smallscale robots can be used to study microscale physical phenomena and to test algorithms for
the coordination of robot swarms. More broadly, microrobots have emerged as a promising
technology to enhance or to enable micromanufacturing, environmental monitoring, and a
myriad of medical tasks such as targeted drug delivery [85], ablation [123], biopsy [50], and
infectious disease treatment [155].
In order to realize these applications, microscale robots must be able to perform functions such as moving throughout their environment, taking measurements of environmental
signals, communicating with other vehicles to share information, integrating sensor measurements and shared information to make decisions, and manipulating their physical en-
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vironment. To date, development of small-scale robotic technology has focused on discrete
variations of controllable actuators, end-effectors, and sensors. Unlike their macroscale counterparts, microrobots typically lack intelligence on-board, and are comprised of a microfabricated structure that acts as a maneuverable end-effector. All of the control, computation,
communication, and processing usually occurs off-board using large-scale hardware (i.e., microscope, computer, or electromagnets). To push the state-of-the-art forward, one of the
grand challenges in microrobotics is to develop intelligent, fully functional microrobots which
contain the necessary components for autonomy in a single package that can be on-boarded.
Despite the rapidly accelerating maturation within the microrobotics field, the behaviors
of microrobots do not match the sophistication of their biological peers, such as microorganisms and insects. For instance, microorganisms sense, process, and respond to environmental
cues in order to locomote, assemble, replicate, or repair themselves. This thesis addresses
this gap through the development of small-scale fabrication, actuation, sensing, and processing strategies along with the fabrication schemes to interconnect these systems.
Concurrently with advancements in small-scale robotics, the field of synthetic biology
originated from the desire to study or control transcriptional and translational gene regulatory networks that underpin cellular functions [21]. At its core, synthetic biology focuses
on forward-engineering biological parts, or designing microorganisms to produce a desired
behavior. Living cells operate as individual processing units which integrate environmental
signals to produce a desired response via gene transcription. Molecular programs are embedded within recombinant DNA and genetic code is compiled and executed in an analogous
manner to a computer program. Some of the earliest work in synthetic biology included
designing and testing genetic circuits that function as analogs to electrical circuits. For
example, genetic toggle switches, oscillators, logic gates, and cell-cell communication circuits were developed [71]. From these studies materialized libraries of standard biological
parts, such as the BioBrick standard, and are openly accessible in the Registry of Standard
Biological Parts [121]. Further, the era of biodesign has given rise to computational tools
for assembling large numbers of biological parts in order to make their construction more
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reliable and less time-intensive [101]. These foundational studies paved the way to inspire a
variety of engineered living systems enabled through accessible biofabrication toolkits that
can be used by roboticists.
Considering these advancements, tools from synthetic biology can be applied to smallscale robots in order to develop new sensors, actuators, and processors and communication
modules that can be addressed using specific environmental cues. In a complementary manner, highly capable microrobots are fit for deployment in biological wet labs to perform
high-precision experiments and to automate tedious, manual processes. In this thesis, we
use biodesign principles to develop robot architectures that enable interfaces between biological cells and synthetic substrates. The result of this integration is robotic wetware, or
the synergistic combination of synthetic hardware and software with programmable living
materials.

1.1

Thesis Contributions

This thesis represents the first body of work bridging robotics and synthetic biology. Biohybrid design offers compelling approaches to imbue microrobots with engineered living
material which can function as actuators, sensors, and processors on-board synthetic microrobotic systems. These living components demonstrate significant promise for increasing
the functionality of microrobots since they exhibit capabilities difficult to achieve with conventional electronic components. We show that living actuators and sensors function as
additional elements of the microrobot feedback control loop. Similarly, we demonstrate
that bio-designed microrobots can function as interrogators in synthetic biological circuit
feedback loops and probe their response over a wide spatiotemporal range. We make contributions in four distinct areas, which together represent the subsystems necessary to create
fully functional and more autonomous microrobots. These areas are outlined in Fig. 1.1,
along with where they are addressed in each chapter.
Chapter 2 reviews literature on small-scale robotic systems, and briefly touches on topics
from synthetic biology.
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Addressing Challenges in Microrobotics Through Robotic Wetware

Sensing
&
Processing

Actuation
&
Control
Chapters 3, 4, 7 & 9

Micro
Robotic
Wetware

Chapter 6

Structures
&
Interfaces

Deployment
&
Applications

Chapters 4 & 5

Chapters 7, 8 & 9

Figure 1.1: Thesis organization
123

In Chapter 3, we develop biological actuation mechanisms and leverage the elegant swimFULLY
ming abilities
of motile bacteria to drive synthetic microstructures [60]. We show how biFUNCTIONAL,
MULTIFUCTIONA
ologicalL organisms
+ UNLOK can be controlled subject to optical cues and how their collective and
coordinated effort can be used to manipulate objects much larger than themselves.
Even though use of motile microorganisms appears to be an attractive avenue to actuate
synthetic cargo, there are still major problems with the reliability, precision, and controllability of bacterial motors. Considering these limitations, we assert that a more robust
use of living material in robotic systems may be as sensors, processors, and manufacturing
units for cellular and chemical cargo [59]. Inspired by the vision to develop robot assistants
to deliver biochemical cues, Chapter 4 introduces our design and fabrication of soft micro
bio robots, the first machines which combine robotics and synthetic biology. We describe
their system architecture, introduce a non-toxic, biocompatible manufacturing method, and
demonstrate deterministic single robot actuation and control using magnetism.
Chapter 5 shows how the non-toxic micromolding method developed in Chapter 4 can
be scaled down to produce micrometer-scale feature sizes and the resulting challenges in
scaling the process with current 3D printing technology.
Chapter 6 uses genetic engineering to create biological circuits harbored within bacteria
to create living processors and sensors. These circuits function as logic gates and enable
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soft micro bio robots to respond to chemical and optical environmental cues. Circuits are
developed to demonstrate living chemical actuators and biosensors which add additional
elements in the microrobot and synthetic biology feedback control loops. We formulate
a bottom-up mathematical model which can reliably predict the activation time of these
chemical actuators and biosensors.
Chapter 7 shows steps toward integration of soft micro bio robots introduced in Chapter 4
with the biological actuators, sensors, and processors designed in Chapter 6. We show how
our fabrication method is generalizable to robots of other complex 3D shapes, and how robots
can be manufactured to roll across biologically relevant substrates such as petri dishes. We
demonstrate how closed-loop control of these rolling robots can be used for automated spatial
patterning of a cellular microenvironment. This is the first result of a microrobot used in
the feedback control loop of a biological circuit.
Chapter 8 demonstrates the immediate applicability of magnetically actuated soft micro bio robots to medical device development and demonstrates robotic cleaning of resilient
biofilm infections. In this context, we redesign SMBRs as catalytic antimicrobial robots
(CARs) and demonstrate how their iron oxide nanoparticle laden architecture is both magnetically and catalytically activated in specialized solutions.
Chapter 9 develops strategies for multi-robot actuation and control at small-scales. We
demonstrate independent control of multiple magnetic robots using local magnetic fields
applied through a specialized printed circuit board. We equip these robots with with micropipette end-effectors which can transport biologically-relevant fluids in order to perform
microbiological experiments [61].
Together, these results represent a fundamental contributions to the field of microrobotics
and provide a framework for synthesizing subsystems which can be interwoven to create more
functional micromachines and ultimately biocompatible swarms.
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Chapter 2

Small-Scale Robotics Background
Small-scale robotic systems have emerged as promising tools which are well-poised for use
in medicine [123], environmental monitoring [134], advanced manufacturing [22], or microassembly [54, 152]. Considerable attention has been directed toward use of small-scale
robots in biological experiments to perform nanomedical tasks due to their demonstrated
ability to interact with cells and tissues [123]. There have been a wide-variety of demonstrations such as targeted delivery of therapeutics [39, 96], cell manipulation and analysis [129],
and microassembly of biological structures [28, 143].
Numerous robot architectures have been proposed to accomplish these types of biomedical tasks. These platforms are typically propelled using global inputs (i.e., magnetic, electric,
or optical fields) and include a variety of geometric forms. For instance, millimeter-scale helical robots have been used to drill through blood clots [74] and their microscopic counterparts
have been used to deliver genes and drug analogs to individual cells [96, 112]. Apart from helical swimmers, small-scale robots can take the form of mobile scaffolds used for cell culture
[76], polymeric microbeads loaded with therapeutics or cells [4], or simple planar synthetic
microstructures for cell manipulation [129].
This chapter reviews the relevant background and state-of-the-art in microrobotics including prior work involving fabrication, actuation, and sensing at small-scales. Portions of
this chapter have been published in [58, 59].
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2.1

Fabrication

Due to their promising use in biotechnological and medical applications, small-scale robot design and fabrication strategies have tended to focus on biocompatibility. Demonstrated manufacturing techniques typically rely on conventional microfabrication tools and/or chemical
processes to produce small-scale robotic platforms. These manufacturing methods include
3D direct laser writing (DLW) [76, 108, 137], glancing angle deposition [48], self-scrolling
[160], centrifuge-based micro droplet formation [4], 2D photolithography [20, 42, 57, 133],
or 2D planar molding [113, 116].
Most robots either produced using these methods or sourced from commercial microbead
vendors are made from synthetic polymers, oxides, and metals and often require secondary
functionalization with magnetic or chemically reactive species such that they can be actuated. Additional functionalization is often required to ensure that robots for biological use
are non-cytotoxic. For example, Tottori et al. leveraged DLW coupled with e-beam evaporation to produce IP-L based helical swimmers coated with nickel and biocompatible titanium
[137]. Kim et al. used a similar method to create rigid SU8 cell culture scaffolds which can
be moved using magnetic fields [76]. DLW can also be used to print synthetic hydrogels
such as PEGDA as demonstrated by Peters et al. [108].

2.2

Actuation

Power systems for microscale robots differ significantly from their macroscopic counterparts.
Robots with large characteristic length scales are typically energized by prime movers such
as battery-powered motors or internal combustion engines. However, such systems have not
been engineered for reliable integration in microscopic systems. Consequently, a variety of
alternative approaches have been considered. Numerous devices have been developed which
rely on actuation via swimming microorganisms [60], chemical energy [126], optical traps [25],
and magnetism [79]. Magnetic actuation is particularly beneficial in that it is only enabled
by a small range of materials, and is suitable for a wide range of biomedical applications
since it will not harm living tissue. External power application via optical sources has also
7

been demonstrated for microrobotic systems. The largest category of approaches which
harness optical power include optical trapping to move objects either directly or indirectly
[8, 25].
There are also methods to power microrobots using chemical energy provided from the
local environment. Examples of this include microfabricated devices powered by adherent
cells [131, 151, 161] and catalytic micromotors [126]. These systems are inspired by the
concept that microrobots may be designed to be self-contained without the need for large
external power sources.

2.2.1

Biohybrid Actuators

Organic actuators have been explored for engineered microrobotic and soft robotic systems. Many successful demonstrations of devices powered by motile bacteria, contractile
cardiomyocytes, or skeletel muscle cells have been shown [149]. For instance, bacteria have
been attached to synthetic cargo such as beads and planar microstructures [13]. Further,
their innate chemotactic or pH-tactic sensing has been used to steer them across gradients
[161]. Alternatively, 3D muscle tissues formed around elastomers have been designed to form
microfabricated tissue gauges (µTUGs). Sakar et al. and Cvetkovic et al. further engineered
these devices using optogenetic tools to selectively activate them using light [29, 116]. Another approach to create organic actuators, but at the macroscale, has been to use explanted
whole-muscle tissues to drive synthetic pumps in fluidic devices or to produce useful work
in untethered soft robots [114].

2.2.2

Magnetic Actuation

The most widely investigated approach for providing power to untethered microscale systems
is the application of magnetic fields. Magnetic fields can be applied externally, have limited
effects on most materials, and are biocompatible. Magnetic actuation and control strategies
rely on either pulling an object using a gradient or applying a magnetic torque to the object
[22, 79, 129]. Magnetic fields may also be used as an external source to control the heading
of microrobots with a biological source of thrust, and have been demonstrated using both
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natural and artificial magnetotactic cells [72, 93, 104].
Rotating magnetic fields have been generated using either electromagnetic coils or rotating permanent magnets [52, 89]. Using these fields, helical robots can be propelled by
a corkscrew-type motion through a fluid, and have a propulsion mechanism resembling
their bacterial counterparts [2, 99, 140]. Designs have ranged in basic shape from helices
and screws to twisted ribbon structures which differ in size from several millimeters to
sub-micron [109]. One of the earliest helical robots was proposed by Honda et al. , and
consisted of a permanent magnet attached to a 0.15 mm thick copper wire extending approximately 2 cm in length [51]. Variations on this design have included commercial screws
and micromanufactured wires equipped with a permanent magnet, which have been used
for drilling through bloodclots [66, 74] and fibrous tissues and gels mimicking those found in
vivo [64, 90, 99, 140]. Conversely, there has been much progress on scaling down the design
of helical robots in order to complete micromanipulation tasks [48, 137, 160].
Rotating fields have also been used to induce rolling or tumbling motions of microrobots.
Bi et al. showed microscale magnetic tumbling (µTUM) robots which can traverse rough
terrain as well as inclined surfaces [20]. Additionally, rod-shaped prototypes have been
demonstrated to manipulate objects using noncontact strategies in fluidic environments
[110]. There have also been instances of rolling robots composed of soft materials, and
Ali et al. demonstrated aliginate microspheres loaded with magnetic nanoparticles [4].

2.3

Sensing in Synthetic Biology

For microscale robots, sensor measurements for inputs to feedback controllers or for reporting
on the state of their microenvironment are typically acquired through off-board macroscale
cameras. Sensing at these small-scales has evolved over billions of years of evolution in single
cells. Microorganisms are equipped with exquisitely specific and high-resolution biomolecular sensors which enable behavioral responses to dynamically changing environments. For
instance, cells sense chemical and physical changes during growth to regulate their population dynamics to switch from phases of exponential growth to saturation or decay.
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Advancements in molecular biology such as methods to realize recombinant gene expression (i.e., polymerase chain reaction (PCR), DNA synthesis, DNA sequencing, or cloning),
computational tools to design and analyze DNA sequences, and publicly accessible gene
library databases have rapidly propelled genetic engineering. Synthetic biologists have deliberately augmented and engineered living microorganisms to create biosensors circuitry.
One of the earliest instances of engineered biosensing was the construction of a toggle circuit
architecture in E. coli [45]. Cells were programmed to respond to DNA-damaging ultraviolet light to swtich from a basal state of gene expression (i.e., “OFF” state) to an activated
state of gene expression (i.e., “ON” state). Typically, the readout of the states manifests
as the production of a fluorescent protein. Since then, various approaches to biosensing
have been demonstrated which occur in transcriptional, translational, or post-translational
pathways [71]. The various timescales over which signals are transduced in these pathways
pose important considerations for their integration in robotic systems. Among these various
approaches, synthetic biologists have designed switches, oscillators [37], memory units [30],
pulse generators [11], communication modules [10], filters [124], and waveform generators
[103].
Early studies which have incorporated biosensing in microrobotic systems have attached
natural [67] or engineered [134] E. coli to synthetic micro-plates. Steager et al. demonstrated
an integrated microrobotic platform consisting of SU8 microstructures with attached E. coli
harboring toggle switch circuits which transduced ultraviolet light into fluorescent readouts
[134]. Alternatively, sensing of methyl-β-D-thiogalactoside (TMG), a nonmetabolizable lactose analog, has also been demonstrated in microrobotic systems [115].
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Chapter 3

Biological Actuation and Control
One of the significant challenges in microscale engineering is the development of controllable
actuation methods for miniaturized systems. In nature, mammalian cells such as neutrophils
are able to rearrange their cytoskeleton to induce crawling-like motions, and bacterial cells
such as Escherichia coli or Bacillus subtilis rotate helical flagellar filaments in order to swim.
These biomolecular motors are self-powered and untethered making them candidates for onboard power supplies and actuators for synthetic microstructures. Further, their locomotion
or taxis, is often regulated and coordinated in response to changes in the local environment
such as chemical or physical cues. Cells may modify their motor behavior in response to a
chemical concentration gradient, which is known as chemotaxis, or to light stimuli, which
is known as phototaxis. As a combined actuation and sensing package, flagellated bacteria
have a significant advantage as components on-board micro-engineered systems.
This chapter explores a unique approach to harvest energy from active living matter
in order to independently power and control many untethered, mobile microrobots. More
specifically, we investigate microstructure transport caused by stochastic collisions between
freely swimming cells and rigid microstructure boundaries in a dense bacterial bath. We
characterize the motion of asymmetrically shaped microstructures, specifically gears and
chevrons, and demonstrate control of these microrobots by altering the motility of swimming cells with high intensity blue light. We demonstrate both rotational and translational
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Figure 3.1: Independent power and control of multiple microrobots in a bacterial bath. This chapter
characterizes the biased trajectories of micro-gears and micro-chevrons, as well as demonstrates
modulation of the rotation of micro-gears and translation of micro-chevrons by automated exposures
of local bath regions to high intensity blue light.

motion control using a custom system for tracking and real-time automated exposure of local bath regions using visual feedback. These experiments are supported by a mathematical
model and simulations which describe the dynamics of a microstructure propelled by many
stochastic cell-structure collisions. This model allows us to predict microrobot trajectories
and to develop improved strategies for microrobot design and control.
The research in this chapter was originally published in [60].

3.1

Microstructures Propelled via Bacterial Baths

Recent research in the subject area of active matter suggests a compelling method for powering microscale robots. In summary, the random walk behavior of freely swimming microorganisms such as bacteria can be used to provide propulsion for microfabricated objects one
to two orders of magnitude greater in size than the individual cells [33, 125]. The collective
work of several cells can be harnessed by designing local traps along the boundaries of microfabricated structures. An example of such a shape resembles that of a spur gear, having
teeth biased to give a sense of chirality rather than radial symmetry. Many structures may
be immersed in an active bath simultaneously, which provides the opportunity for multiple
microrobots to procure power from the same source (Fig. 3.1). The microorganisms which
power these objects respond to external stimuli with predictable changes in swimming state,
which offers a method to modulate the motion of the individual microorganisms as well
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as the larger swarm or system. Although the response of the individual microorganisms is
difficult to reliably predict, the collective thrust of many cells is much more predictable and
offers a means for control. One such noninvasive method to modulate the activity of cells is
to expose them to light, which invokes a phototactic response from the cells. As opposed to
chemical or magnetic stimulation, light can also be applied with high spatial and temporal
resolution [130].
In this chapter, we harvest energy from active fluids composed of dense cultures of
swimming bacterial cells in order to power microfabricated, rigid structures. Our approach
differs from previous studies in that we develop a method to actively control these asymmetrically shaped structures in real-time. Our method relies on modulating the activity of the
swimming cells with intense blue light. We control the rotational motion of micro-gears by
globally applying blue light. Additionally, we demonstrate translational motion and steering
of chevron-shaped microstructures with a customized system for tracking and spotlighting
localized regions in real-time using closed-loop visual feedback. These experiments are supported by a rigorous analytical model as well as simulations of the overall system, which is
composed of many stochastic, simultaneous cell-structure interactions.

3.2
3.2.1

Experimental Methods
Microfabrication

The experimental platform in this chapter builds upon the design of microstructures proposed in [133]. Microstructures are fabricated from SU8 negative photoresist and patterned
via photolithography. Two types of microstructure geometries are designed in order to explore propulsion by stochastic collisions. Both asymmetric micro-gears measuring either
35 µm or 70 µm in outer diameter, and micro-chevrons measuring 70 µm×40 µm are fabricated. All structures measure approximately 10 µm in thickness. Serratia marcescens ATCC
274 (American Type Culture Collection, Manasas, VA) are incubated at 34◦ C and shaken at
180 RPM in LB broth for 8 hours. 150 µL of cell culture is centrifuged for 30 s at 10,000 RPM.
The pellet is subsequently resuspended in 37 µL of motility buffer (0.01 M potassium phos-
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phate, 0.067 M sodium chloride, 10-4 M ethylenediminetetraacetic acid (EDTA)). The resultant bacterial concentration is on the order of 4×106 µL−1 , which is approximately four times
greater than stationary growth phase. Microstructures are released in a droplet containing
S. marcescens and motility buffer. In order to prevent bacterial adhesion to the microstructure and substrate surfaces, surfactant (0.006% Tween-20) is added to the motility buffer
solution, resulting in a propulsion mechanism dependent upon collisions.

3.2.2

Automated Illumination

In order to modulate the motion of individual microstructures, we exploit the phototactic
response of localized regions of bacterial cells. An X-Cite LED lamp is used to provide
high intensity, short wavelength blue light to localized regions of the bacterial bath. This
light is patterned with high spatial resolution onto the microscope stage using a digital
micromirror display (Texas Instruments Lightcrafter DMD projector). The specifications
and modifications of this setup have been previously reported [130]. The DMD automatically
projects a light pattern at a desired location using real-time tracking.

3.2.3

Image Processing

Images are processed for real-time tracking and automated illumination largely using OpenCV
libraries in the following manner. First, the blue channel is stripped from the image in order
to filter the blue, projected light. Next, adaptive thresholding techniques are used to convert
the image to grayscale, and then to a binarized image. The thresholding differentiates the
edges of the contour and any remaining noise in the image. Finally, contours are identified
and a model contour is selected for tracking (Fig. 3.2 a-b).

3.2.4

Real Time Contour Tracking and Exposure

Before implementing the real-time tracking and automated light patterning, a calibration
is required in order to align coordinates in the camera frame with coordinates in the projector frame. An automated calibration routine successively projects four points onto the
microscope stage. From these four correspondences, a perspective transformation is computed between the DMD coordinates and the camera coordinates. Applying the inverse of
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Figure 3.2: Automated microstructure tracking and exposure. (a) The input image is acquired from
the CCD camera and a region of interest is selected. (b) The image is binarized and both interior
and exterior contours are identified. (c) The blue bounding box denotes the successful computation
of the object’s position and orientation. (d) A half-plane of light is patterned along the structure’s
symmetric axis.

this transformation before displaying images on the DMD effectively negates the distortion,
and ensures that the coordinates on the DMD directly correspond to coordinates on the
microscope stage and on the image plane.
Projecting a desired light pattern onto a specified region relies on updating the centroid,
orientation, and contour of the microstructure for each captured frame. For the velocities
expected in these experiments, updates occurring between 2 Hz and 5 Hz are sufficient to
track the microstructures. The rate at which the DMD display is updated is roughly the
same as the rate at which images are captured from the CCD camera (approximately 20 Hz).
Each successive frame is processed using the techniques described in the previous section.
The centroid and orientation are computed for each identified contour. The successful
computation of these descriptors is represented in Figure 3.2 c, in which a bounding box
is centered and rotated to align with the contour. Light may then be patterned onto the
contour in various ways. Exposure types range from entire contours, portions of contours, or
rectangles of various sizes. Exposures used in this work were global, flood exposures in which
the entire viewable area was exposed, and exposure of a half-plane along a microstructure’s
symmetric axis (Fig. 3.2 d).
In order to reliably track and expose microstructures of arbitrary shape, such as those
exhibiting rotational symmetry (i.e., micro-gears) or axial symmetry (i.e., micro-chevrons),
we designed a custom algorithm to compute microstructure orientation. First, the object’s
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Figure 3.3: Rotationally symmetric microstructure orientation computation. (a) The captured image
with computed centroid. (b) Each image is converted to its polar representation, segmented into 360
bins, and the average distance from the centroid to all points along the polar histogram is computed.
A shift of this signal from the previous frame yields the change in orientation.

centroid is computed from the center of mass of the points composing the contour (Fig.
3.3 a). In each frame, the image is converted into a polar representation of the contour (Fig.
3.3 b). The representation is segmented into a histogram of 360 bins, one for each degree of
rotation. We compute the average distance from the centroid to all points in the contour
that lie in that direction. In the polar representation, a rotation of the object corresponds to
a phase shift of this signal. Calculating the phase shift that provides the minimum change
in angle from the previous frame results in the new orientation. If the calculated orientation
signal differs largely from the reference, the algorithm assumes no change from the previous
frame.

3.3

Stochastic Kinematic Model

In order to describe the dynamics of a passive microstructure immersed in a bacterial bath,
we propose a multi-scale model which couples the dynamics of swimming bacteria to the
dynamics of a larger microstructure. Our approach relies on building a bottom-up model
from first principles. This model allows us to simulate trajectories of microstructures having
an asymmetric perimeter.
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3.3.1

Nomenclature

A bold symbol denotes a vector with a magnitude and direction, whereas a non-bold symbol
denotes a scalar quantity. Symbols with a lower c subscript are quantities pertaining to
bacterial cells; symbols having a lower m subscript are quantities pertaining to general
microstructures. Quantities unique to micro-gears or micro-chevrons are denoted with a mg
or mc subscript, respectively.

3.3.2

Background

In low Reynolds number environments where inertia is negligible [75, 80], we may approximate the motion of an object using Stokes equations of motion. Due to the linearity of
these equations [6, 75, 80], the equations of motion characteristic of a rigid body containing
a plane of symmetry are

V = M·F

(3.1)

Ω = K·T

(3.2)

As such, a planar rigid body subject to an external force F and an external torque T,
is related to its resultant linear velocity V and angular velocity Ω through the mobility
tensors M and K. The mobility tensors encode specific mobility coefficients, which depend
on the object’s geometry and dictate the resistance experienced on the object as it moves
throughout a fluidic environment [75]. The expanded form of equations (3.1) and (3.2) yield
the following,
h
i
V = mk d̂d̂T + m⊥ (I − d̂d̂T ) · F
h
i
Ω = kk d̂d̂T + k⊥ (I − d̂d̂T ) · T

(3.3)
(3.4)

where d̂ is the unit vector along the object’s axis of symmetry. mk and m⊥ represent
resistance to translation in the direction along and normal to d̂, respectively. kk and k⊥
represent resistance to rotation about parallel and perpendicular axes with respect to d̂. For
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the purposes of this model, we assume that all motion occurs in the two-dimensional plane
of the microstructure. In this case, the equations of motion for a general object in the xy−
plane reduce to
  
 
m
0
V
 x  ⊥
 Fx 
 =
 
Vy
0 mk
Fy
Ωz = k⊥ Tz

3.3.3

(3.5)

(3.6)

Free-swimming bacteria

Escherichia coli is a well characterized microorganism and there exists a wide body of literature focused on describing its swimming behavior [15, 16]. Consequently, it is conventional
to use motile E. coli as a model bacterium [7, 118], since it is very similar to S. marcescens
in size, form, and swimming behavior. Operating in low Reynolds number environments,
E. coli propel themselves by rotating helical flagellar filaments, and their motion is approximated as a random walk [16]. Their swimming state oscillates between a run and a tumble
behavior. When the flagella rotate in a counterclockwise direction (when viewed from behind), the cell propels itself forward with near-constant thrust. Conversely, when the flagella
rotate in a clockwise direction, the flagellar filaments unbundle and the cell is subject to a
random reorientation [16]. In the absence of chemical gradients, the process of switching
states between a run and a tumble may be modeled by a two-state continuous Markov Chain
[15, 118]. The rate for a cell to change state from a run to a tumble is 10 s−1 , whereas the
rate for a cell to change state from a tumble to a run is 1 s−1 [15].
In the experimental environment, the microstructure is neutrally bouyant such that there
is approximately 2 µm between the bottom of the microstructure and the glass substrate.
Therefore, cells which ultimately collide with the microstructure swim in close proximity to
surfaces. When E. coli swim very close to surfaces (approximately 1 µm to 10 µm), interactions between the bacterium and the planar surface result in hydrodynamic entrapment
of the bacterium. This entrapment causes the bacterium to spend a longer amount of time
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swimming, or residing near a planar surface [18, 36]. Since the model is a two-dimensional
representation of the experimental system, we must account for cells which enter and leave
the plane in which the microstructures are driven. In the real environment, cells disengage
from the microstructure and leave the focal plane when they swim in a heading that has a
significant component in the direction out of the plane in which microstructures move. This
direction corresponds to what is typically considered as “up.” We encapsulate this behavior in our model by allowing cells to disappear from the virtual environment. When a cell
escapes, a new cell is introduced at a random location in order to keep the concentration
constant. Based on previous experimental observations, hydrodynamic entrapment results
in an average residence time of 64 s [36]. As such, we set this as the average time a cell
spends within the simulation window.
We model each cell body as a prolate spheroid of length ` = 3 µm, and its centroid is
described by a position vector rc in the inertial frame. The bacterium’s body fixed frame
is defined by the orthonormal unit vectors d̂ and ê. The cell’s orientation is defined by d̂
positioned along its major axis and in the free-swimming direction (Fig. 3.4 a). In order to
obtain accurate estimates for a cell’s mobility coefficients, we consulted analytical resistance
expressions derived for a prolate spheroid, using an aspect ratio of 3:1 [75]. The resistance to
translation along d̂ and ê are mk,c and m⊥,c , respectively. The resistance to rotation about
an axis orthogonal to both d̂ and ê is k⊥,c . Specific mobility parameters used in simulation
are summarized in Table 3.1.
While the cell runs, it swims with a propulsive force Fp , which is linearly related to the
cell’s swimming speed v. We prescribe an effective thrust p = 0.45 pN to each swimming
cell, which is the maximum propulsive force that a cell exerts [31]. We assume that in the
tumbling state p = 0 pN.
Fp = p d̂ =

v
d̂
mk,c

(3.7)

When a cell tumbles, its change in orientation is determined by previous experimental
observations of tumbling E. coli in a plane [17, 139]. The change in cell orientation during
a tumble event is chosen from a normal distribution with a mean of 62◦ and a standard
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deviation of 26◦ , with an equal probability that the cell will rotate either in the positive or
negative direction [16, 17, 139].

3.3.4

Microstructure

We consider two different microstructure shapes, which are analogous to those used in experiments. We model each structure as a rigid body at low Reynolds number. The body
fixed frame of the microstructure is defined by two orthonormal unit vectors n̂ and t̂. The
microstructure’s centroid is described by position vector rm in the inertial frame, and its
orientation is characterized by the angle θm which is formed between n̂ and the x-axis of
the inertial frame (Fig. 3.4 b).
Analytical expressions for the mobility coefficients of geometries, such as a thin disk
assume a stress-free environment [75]. In order to capture the effects from a no-slip boundary condition between the bottom of the microstructure surface and the glass substrate, a
numerical model for the motion of each microstructure was developed in COMSOL.
We approximate the geometry of a micro-chevron in the numerical solver as a plate
measuring 70 µm×40 µm, and the geometry of a micro-gear as a disk measuring 35 µm in
radius. Each structure is modeled to have a thickness measuring 10 µm and is located 2 µm
above the bottom surface of a fluidic chamber. The model ensures that the dimensions
of the fluidic chamber are orders of magnitude larger than the microstructure in order to
Table 3.1: Summary of Mobility Parameters

Shape
Prolate Spheroid
Prolate Spheroid
Prolate Spheroid
Micro-Gear
Micro-Gear
Micro-Gear
Micro-Chevron
Micro-Chevron
Micro-Chevron

Mobility Coefficient
mk,c
m⊥,c
k⊥,c
mk,mg
m⊥,mg
k⊥,mg
mk,mc
m⊥,mc
k⊥,mc
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Value
75.5
61.4
45.3
0.352
0.352
0.001
0.441
0.401
0.001

Units
pN−1 s−1 µm
pN−1 s−1 µm
pN−1 s−1 µm−1
pN−1 s−1 µm
pN−1 s−1 µm
pN−1 s−1 µm−1
pN−1 s−1 µm
pN−1 s−1 µm
pN−1 s−1 µm−1
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Figure 3.4: Kinematic modeling of planar microstructures driven by bacterial cells. (a) rc describes
the position of the cell’s centroid in the inertial frame. The bacterium’s body fixed frame is defined
by the perpendicular unit vectors d̂ and ê, where d̂ denotes the cell’s forward swimming direction;
(b) rm describes the position of the centroid and θm denotes its orientation; (c) If a cell is close to a
microstructure boundary, the edge is discretized by computing the projection of the cell’s interaction
(1)
(2)
(1)
points rc and rc , which result in an image of the cell along the microstructure’s edge, rm and
(2)
rm ; (d) Combination of soft-sphere repulsive forces applied to the cell by the microstructure edge.
±`/4 d̂ denotes the moment arm over which the torque from the edge is applied to the cell. These
forces and torques prevent the cell from physically overlapping with the microstructure.

(a)

(b)

Figure 3.5: Numerical model of fluid flow around microstructures. (a) Surface stresses of a microgear modeled as a thick disk. 32 pN · µm of torque is required to rotate the disk at an angular velocity
of 0.033 rad/s. The mobility constant is estimated from k⊥,mg = Ωz /Tz . (b) Surface stresses of
a micro-chevron modeled as a thick plate. 2.5 pN of force is required to move the disk at a linear
velocity of 1 µm/s. The mobility constant along the major axis is estimated from mk,mc = Vy /Fy .
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diminish effects of side walls on the overall fluid flow. The Stokes equations of fluid motion
were evaluated in order to model the total stress experienced by the object as depicted in
Figure 3.5. By integrating the total stress over the entire object surface we compute the
resultant viscous drag force and torque on the object, from which we compute the mobility
coefficients. The resistance to translation along n̂ and t̂ are mk and m⊥ , respectively. The
resistance to rotation about an axis orthogonal to both n̂ and t̂ is k⊥ . Specific mobility
parameters of both a micro-gear and a micro-chevron are summarized in Table 3.1.
The propulsion of the microstructure is dependent on the number and orientation of
cells with which it collides. When a cell body and microstructure interact, the cell applies
a force to the microstructure which is equal to the cell’s propulsion and directed along the
cell’s major axis, d̂. For n cells colliding with the microstructure, we define the force on the
microstructure Fm , as
Fm =

n
X
k=0

pk

vk
|vk |

(3.8)

where p is the cell’s thrust and v is the cell’s forward swimming velocity. Consequently, the
torque applied to the microstructure Tm , resulting from n colliding cells is

Tm

n
X
vk
(rc − rm )k × pk
=
|vk |

(3.9)

k=0

Thus, the equations of motion for a microstructure pushed by n cells become

3.3.5


 


Vm,x  m⊥ 0  Fm,x 

=


Vm,y
0 mk
Fm,y

(3.10)

Ωm,z = k⊥ Tm,z

(3.11)

Bacteria-Microstructure Interactions

Collisions between cells and microstructure boundaries are also modeled. In order to simulate
these collisions, each bacterium is represented by two interaction points through which
repulsive forces, due to the presence of a microstructure edge, are applied. The points are
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evenly distributed along the cell’s symmetric axis and are described by position vectors
(1)

(2)

rc = rc − 4` d̂ and rc = rc + 4` d̂ (Fig. 3.4c).
A corresponding set of interaction points must be defined along the microstructure’s
edges. To obtain these points, we discretize the edge at each time-step. We compute the
(1)

projection of rc

(2)

and rc

along the nearest microstructure boundary. In the case when

the cell is trapped between two edges, such as within a tooth, the projection is computed
along both edges. This projection results in an image of the cell along the microstructure
(1)

(2)

boundary, with the edge’s interaction points defined by rm and rm (Fig. 3.4c).
The force acting on a bacterium due to the presence of a microstructure edge can be
described by a soft-sphere potential which is a function of the displacement between each
interaction point, the cell body length, and the cell’s swimming thrust [6]. The force acting
(m)

on a cell due to a microstructure edge Fc , is the sum of the repulsive forces between all
interaction points, fij (Fig. 3.4d).
F(m)
=
c

X X

fij

(3.12)

i=1,2 j=1,2

#
 13 " (i)
(j)
rc − rm
`
fij = p
(i)
(j)
2
|rc − rm |14

(3.13)

Similarly, we can define the torque acting on a bacterium due to the presence of a microstructure wall
T(m)
c


X X  `(2i − 3)
d̂ × fij
=
4

(3.14)

i=1,2 j=1,2

Therefore, the resultant force acting on a bacterium is the sum of its self-actuating propulsive
(m)

force Fp , and the repulsion applied to it by the microstructure boundary Fc . Equations
of motion for a bacterium become

 


(m)
0  Fp,x + Fc,x 
Vc,x  m⊥,c


=

(m)
Vc,y
0
mk,c
Fp,y + Fc,y

(3.15)

(m)
Ωc,z = k⊥,c Tc,z

(3.16)
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Figure 3.6: Gears of opposite chirality rotate in a direction dependent upon the orientation of
their teeth. (a) Simulation results indicate that gears of counterclockwise handedness rotate in the
clockwise direction, whereas gears of clockwise handedness rotate in the counterclockwise direction.
(b) Experimental trials confirm the behavior described in (a).

3.3.6

Implementation

The simulation environment is defined by an area L × W with periodic boundary conditions.
The equations of motion are numerically integrated for the desired time span using a RungeKutta moderately stiff numerical solver with step size ∆t ≤ 0.01 s.

3.4
3.4.1

Results & Discussion
Unidirectional Motion

Experiments coupled with supporting simulations, resulted in the creation of microstructures
propelled along geometrically biased trajectories via active suspensions of bacteria. Both
micro-gears and micro-chevrons were observed to possess both rotational and translational
motion components. However, micro-gears exhibited a predominant rotational component,
while micro-chevrons showed a large translational component.
Micro-gears were observed to rotate in a direction dependent on the chirality of their
teeth, which is consistent with previous results [33, 125, 151]. Micro-gears possessing teeth
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Figure 3.7: Average angular velocity of a micro-gear in baths of varying number density: η = 0.1%,
1%, and 2% cells per unit area in the simulation environment. Each data point represents the
average of five simulations, each of which had a 20 second duration.

Figure 3.8: Translation is a dominant feature of micro-chevron motion; (a) Simulation results of a
micro-chevron in a dilute bacterial suspension. Between t = 0 s and t = 10 s the chevron rotates
0.1 radians while averaging a linear velocity of approximately 2 µm/s; (b) Experimental trials with
micro-chevrons show translation in the direction along which bacteria can collect within traps. The
average velocity of the micro-chevron is approximately 5 µm/s with a total change in orientation
measuring approximately 0.5 radians.
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oriented in the counterclockwise direction, rotated clockwise. Conversely, micro-gears possessing teeth oriented in the clockwise direction, rotated counterclockwise (Fig. 3.6). Microgear angular velocity was observed to largely depend on properties of the bacterial bath.
We found that a concentration which is approximately four times greater than stationary
growth phase provides enough activity to reliably propel microstructures. While it is convenient to specify the the bacterial bath density within the simulation, it is difficult to
achieve reliable microstructure motion at low concentrations. In order to characterize the
relationship between micro-gear motion and suspension density, we ran simulations of microgears immersed in baths of varying densities. We defined the bacterial number density in
a two-dimensional plane as η = N/(LW − A), where N is the number of cells, LW is the
area of the simulation window, and A is the area of the microstructure. In very dilute
(0.1%) suspensions, micro-gears rotate at a much slower rate than those immersed in higher
concentration suspensions (1% to 2%). These results indicate that we are able to power
micro-gears at various angular velocities by changing the density of the suspension (Fig.
3.7). Qualitatively, the steady-state angular velocity and ensemble behavior of micro-gears
observed in experiments is consistent with what is observed in simulations.
Micro-chevrons exhibited large translations along their major axes (Fig. 3.8). Rotational motion was also observed, and can be attributed to the stochasticity and varying rate
of collisions within traps around the microstructure perimeter. When traps are designed
linearly along the axis of a rectangular microstructure, bacteria collide with the microstructure boundary, and push in a direction corresponding to the axis along which the traps
are arrayed. This results in a dominant translational component to the structure’s motion.
Due to the stochasticity of the collisions, there may be an uneven distribution of cells on
either side of the micro-chevron. This force unbalance causes slight rotation in the direction
opposite the larger force.
The velocities of both types of shapes are also expected to vary based on size. The drag
force on a rotating disk (i.e., a micro-gear) is proportional to the square of the surface area
of the disk. Thus, we expect that micro-gears having a smaller diameter will achieve higher
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Figure 3.9: Rotational control of micro-gears. (a) A micro-gear rotates in the clockwise direction at
approximately 0.14 rad/s. (b) A region of the bacterial bath local to the micro-gear is completely
exposed to blue light. (c) A plot of orientation of the micro-gear over time. The light-blue shaded
band represents the exposure duration. After the exposure is completed, the micro-gear recovers its
initial angular velocity and rotates at approximately 0.1 rad/s.

angular velocities. Conversely, the drag force on a translating plate (i.e., a micro-chevron)
is proportional to its surface area. Larger micro-chevrons will experience larger drag, which
suggests that surface area is an important design parameter.

3.4.2

Microstructure Control

Previous work has indicated that it is possible to modulate the motion of microstructures
driven by bacteria which are attached to their surface with high intensity blue light [131].
Exposure of bacterial cells to blue light elicits a phototactic response. S. marcescens respond
to blue light by switching to a tumble state, in which their cell body is reoriented and
their propulsive thrust is diminished. Our experiments focused on patterning light in the
bulk suspension in order to directly affect tumbling in cells which collide with the exterior
microstructure boundaries.
In Figure 3.9, we demonstrate the ability to stop and re-start micro-gears driven by
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Figure 3.10: Micro-chevron steering. (a) Prior to exposure with blue light, the micro-chevron
translates with a slight clockwise rotational bias due to uneven collisions on either side of the
structure. (b) Automated blue light exposure of a half-plane. Bacteria tumble in this region, and
the thrust component on the right-hand side of the chevron is deactivated, leaving positive thrust on
the left-hand side. (c) Post-exposure, the micro-chevron is still translating but its heading has shifted
in the clockwise direction. (d) Orientation of the microstructure over time. Exposure duration is
represented with the light-blue band.

collisions. Prior to light exposure, a micro-gear of clockwise handedness initially rotates
in the counterclockwise direction at approximately 0.14 rad/s. We globally expose the region of the bacterial suspension surrounding the micro-gear, which induces tumbling. The
micro-gear rotation ceases until the exposure is complete, and then resumes at approximately 0.1 rad/s in the counterclockwise direction. This representative trial is consistent
with ensemble behavior. Cessation of micro-gear rotation under blue light has been observed
for approximately 10 trials. Additionally, these results are also consistent for micro-gears
of opposite chirality (counterclockwise handedness), and indicate that we may control the
rotation of micro-gears in real-time.
Additionally, in Figure 3.10 we demonstrate the ability to independently control the mo-
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tion of a micro-chevron using closed-loop visual feedback. Using an automated half-plane
exposure, we modulate the heading of a micro-chevron. Prior to exposure, the micro-chevron
translates along its major axis, but it also has a slight rotational bias in the clockwise direction. Generally, the micro-chevron motion is difficult to predict or control open-loop because
of imperfections in the fabrication process and uneven density fluctuations in the bath surrounding its contour. Actuation relies on collecting bacteria, and the subsequent pushing of
bacteria within fine tooth-shaped traps. To yield a uniform pushing force within each trap,
the microstructure must have highly resolved structural features. These imperfections inherent to the fabrication process contribute to slightly unpredictable micro-chevron motion,
such as a rotational bias. In the case of the micro-chevron depicted in Figure 3.10 a, there is
a greater local density of bacteria located within the traps along its right edge. By closedloop patterning and exposure of the area of the suspension on the right edge, we induce
tumbling in those cells which weakens the force applied at that area. During exposure the
only nonzero applied force is along the unexposed edge of the microstructure, which causes
the micro-chevron to turn. This results in a clockwise rotation which changes the heading of
the micro-chevron. This result indicates that closed-loop exposure of micro-chevrons allows
us to achieve more precise trajectories.

3.5

Conclusion

In this chapter, we present microstructures propelled by active suspensions of swimming
bacteria and develop a compelling technique for microrobot actuation and control. Experiments show that microstructures exhibiting properly designed asymmetric boundaries move
in a predictable and organized way when suspended in a bacterial bath. We demonstrate
control of these microrobots by changing the swimming behavior of cells in local regions of
the bath by automatically patterning high intensity blue light in real-time. Through formulating a comprehensive mathematical model which describes microstructure motion, we
predict trajectories which will aid in the design and testing of microstructures with local
asymmetric traps. A consequence of microstructure steering is the potential for these ma-
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chines to deliver micro-cargoes and to passively direct or sort bacteria based on shape alone.
Furthermore, procuring power from active fluids coupled with phototactically deactivating
specific regions of the fluid introduces an approach to simultaneously actuate and control
many untethered microrobots.
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Chapter 4

Soft Micro Bio Robots
A major driving force propelling the evolution of micrometer and millimeter scale robots
is their eventual use in biological environments. Many advancements to microscale robotic
technologies have shown that these small scale robots are well-suited for use in environments
in which cells and cellular functions require physical manipulation or reprogramming. More
specifically, microscale robots are poised for use in the delivery of small molecules, DNA
vectors, and proteins which can edit cellular machinery and probe cell signaling systems.
In this chapter, we explore a unique approach to fabricate magnetic millimeter scale
robots composed of a biological substrate. We introduce a micromolding fabrication technique in which we manufacture helical structures, which are propelled via uniform rotating
magnetic fields. We demonstrate and characterize the swimming capabilities of this robot
in media spanning orders of magnitude in viscosities at a range of rotational magnetic field
frequencies. Our ability to operate in low Reynolds number environments shows that our
system is also relevant to microscale robots. Furthermore, we demonstrate the robot’s inherent biocompatibility by establishing our ability to functionalize this robot with living cells
and chemicals such that it can be used for biodelivery or to perform on-board biological
experiments.
The research in this chapter was originally published in [59].
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4.1

Introduction

Microscale robots hold great promise for the study of biological systems and the delivery
of medical therapies at small scales. There are wide-ranging examples [123] of such work
including the manipulation of single cells and or drug carriers [129], targeting of cancerous
cells with directed cell-driven actuation [39], assistive sperm-robots [94], delivery of therapies
to the stomach [156], and 3D assembly of cell-infused structures [143]. A large portion of
this work has leveraged magnetism for precise manipulation due to a pair of unique benefits.
Magnetic actuation is highly selective since most materials are effectively nonmagnetic and
it does not require unobstructed line-of-sight.
Among magnetically actuated microrobots, helical swimmers have shown particular
promise. These bioinspired robots are primarily actuated by controlling magnetic field direction, rather than magnetic field gradients. Rotating fields are applied such that the helical
robots move in a corkscrew fashion through fluid, much like flagellated bacteria. Importantly, magnetic dipoles align with external magnetic fields at relatively low field strengths
when compared to the fields required for applying magnetic gradients. This enables a much
greater workspace for electromagnets of similar size and/or the use of lower field magnitudes.
Microbiological targets are especially well-suited for investigation with microrobots. Tissue samples, individual biological cells, and even cellular subsystems are of similar length
scales to many demonstrated microrobotic systems. The simplest form of manipulation tasks
is mechanical interaction with individual cells for transport [60, 128, 129]. However, when
considering the microenvironment of cells, many phenomena rely on delivery of chemical
species. For this purpose, soft microrobots composed of biologically compatible hydrogels
can be engineered to hold and release nutrients, drugs, cells, or cell-to-cell signaling molecules
[4, 108]. Further, the robots can be designed to support the adhesion and growth of cell
populations [76]. Considering this, an idealized soft micro bio robot (SMBR) can be envisioned that is composed of useful biomolecules, has a porous structure that moderates
diffusion of encapsulated compounds, has high remanent magnetization, is neutrally buoyant, and has a high surface area with a rich structural and molecular architecture for surface
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Magnetic Hydrogel
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Chemical
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Cellular
Encapsulation

Figure 4.1: An idealized soft micro bio robot (SMBR) that is composed of a biological porous
scaffold which can hold and release chemicals via diffusion into its local environment and can serve
as a mobile platform for cell culture and payload delivery. This paper characterizes a millimeter
scale robot, which is propelled through a variety of viscous fluids using rotating magnetic fields.

functionalization (Fig. 4.1).
In this work, we investigate the fabrication and actuation of soft, magnetically responsive millimeter scale robots composed of nutrient-rich hydrogels derived from microbes and
infused with iron oxide. We demonstrate a micromolding technique for the fabrication of
swimming robots based on 3D printing with microscale features. We characterize the swimming velocity at a range of applied field frequencies, and consider the ability to drive the
robot across a wide range of Reynolds number regimes by varying robot size and swimming
media viscosity. We further demonstrate the ability to use the entire robot as a mobile cell
encapsulation and culture platform. The robot not only carries living cells, but facilitates
cell growth and protein production by providing an architecture that is consistent with established cell culture techniques. This work is an important step in the development of soft,
miniaturized, biological robots (SMBRs), and establishes a multifaceted platform for further
study of cellular systems.

33

4.2

Related Work

Since millimeter and micrometer scale robots are broadly applicable to biotechnological and
medical applications, recent work has tended toward creating robots from biocompatible
substrates. Hydrogel scaffolds and polymeric microbeads have emerged as promising candidates for robot structures because they can be loaded with magnetic materials for subsequent
actuation, and are commonly used in areas such as tissue engineering, drug delivery, and
micromanipulation [4, 42, 57, 108]. These soft material constructs utilize traditional microfabrication procedures or direct 3D printing using photopolymerizable gels or cross-linking
compounds [107, 108]. For example Kim et al, demonstrated 3D mammalian cell culture
on magnetic scaffolds made of SU-8 photoresist [76]. Additionally, Peters et al showed synthesis of superparamagnetic hydrogel helical robots that can be seeded with mammalian
cells [108]. Despite the efficacy of past approaches, these previous studies have relied on
specialized surface treatment (i.e. poly-L-lysine) to increase cell or biomolecule attachment
to the synthetic robot construct [76, 107, 108]. Furthermore, past designs do not incorporate
nutrients within the robot chassis, and traditional procedures are utilized to culture cells on
robots, which rely on immersing robots in solutions of growth media [76, 108].
In this chapter, we fabricate robots consisting of a purely biological substrate, infused
with nutrient-rich media and iron oxide, on which microorganisms thrive. We introduce a
simple molding fabrication process that is well-suited for organic materials, as it does not
involve high energy light sources which are harmful to biological materials. Furthermore,
we demonstrate cell growth, proliferation and protein production on-board the vehicle, and
then transport these living cellular payloads.

4.3
4.3.1

Experimental Methods
Robot Fabrication

This work introduces a simple micromolding technique for fabrication of helical-shaped
robots. The design consists of a double helix having 1.5 turns, which is swept around a
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(a)

(b)

(c)

(d) Hydrated Dehydrated

4mm

4mm

Figure 4.2: Micromolding fabrication technique and resultant robots; (a) Molds are 3D printed,
filled with iron oxide powder suspended in liquefied agar gel. Parts are allowed to solidify at room
temperature, and then removed from the two-piece mold; (b) Various sizes of robots are removed
from their mold; (c) The largest agar gel robot used in this work measures 15 mm long and 7.5 mm
in diameter, whereas the smallest measures 7.5 mm long and 3.75 mm in diameter; (d) Agar gels can
be dehydrated in ambient air to produce smaller robots.

central axis. The double helix design was primarily chosen in order to accommodate fabrication via molding (Fig. 4.2a). Corresponding two-piece negative molds were designed in
Solidworks and fabricated using a ProJet 6000 stereolithography 3D printer, which deposits
material in a layer thickness of approximately 50 µm. The molds are filled with 3% (w/v)
agar embedded with either 1%, 5%, or 10% (w/v) iron oxide powder. The material is formed
from a mixture of granulated agar (Difco, BD Biosciences) with deionized water. The mixture is heated in an autoclave to 121◦ C in order to completely dissolve the agar. When cooled
to room temperature, the agar solidifies, which is convenient for long-term storage. Robots
are manually molded by heating the agar gel in a microwave until completely melted, and
then immediately incorporating iron oxide nanopowder (spherical, <50nm, Sigma-Aldrich
637106, St. Louis, MO) by mixing with a pipette until the suspension is homogeneous. The
liquid mixture is then poured into the molds and allowed to cool until the robots completely
solidify. Robots are manually removed from the molds by lifting off one half of the mold,
which leaves the robot seated in the other half (Fig. 4.2b-c). Tweezers are used to gently
detach the robot from the remaining mold. This removal process does not compromise the
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structural integrity of the robots. The robots are then magnetized along their short axis
using a rectangular neodymium-iron-boron (NdFeB) magnet with a surface field of 6450
Gauss (K& J Magnetics, Jamison, PA), as previously described [129].
Four different robot sizes were designed and manufactured for this work. Robots measured either 15, 11.25, 10, and 7.5 millimeters in length, have a diameter equal to half of
their corresponding length and can hold 206, 97, 65, and 27 microliters of gel, respectively
(Fig. 4.2b-c). The smallest robot fabricated and used in this work is pictured in Figure 4.2d.
In order to investigate further steps in scaling down the fabrication process, robots can be
dehydrated overnight resulting in final dimensions of 4.5 mm in length and 1.5 mm in diameter (Fig. 4.2d). The dehydration process preserves the general shape and magnetization of
the robot.

4.3.2

Electromagnetic System Design

The electromagnetic setup consists of two pairs of nested Helmholtz coils which are arranged
orthogonally (Fig. 4.3a). Each coil is wrapped around an acrylic frame using 20 gauge
enamel-coated copper wire, and each pair is wired in series such that it is powered by a
single current. Each coil pair generates a magnetic field that is approximately uniform
within the center of the workspace. Coil parameters were specifically chosen such that
the same current in each coil pair would result in the same field generated at the center
of the workspace. Coils situated along the z -axis contain 225 wraps of wire and have a
resistance of approximately 2.25 Ω, whereas coils situated along the x -axis contain 375
wraps of wire and have a resistance of 6.25 Ω (Fig. 4.3b). Each pair is independently driven
with a programmable power supply that is controlled through a Measurement Computing
USB-3103 DAQ and custom C++ program. Sinusoidal time-varying currents run through
the coils. The waveforms are separated by a 90◦ phase lag in order to achieve field rotation.
The same field strength is used for all experiments and measures approximately 3.4 mT.
Robots are operated in the center of the workspace within a polystyrene tube having a
15 mm inner diameter and measuring 95 mm long. The tube is filled with a desired fluid
medium which is either water or 20% to 95% (v/v) glycerol.
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Figure 4.3: Electromagnetic system design; (a) Helmholtz coil system; (b) Each coil pair is coaxial,
where the inner set of coils is aligned along the z -axis and the outer set of coils is aligned along the
x -axis; (c) Schematic of a helical robot subject to magnetic torque from a uniform rotating field.

4.3.3

Image Processing for Robot Tracking

A stationary camera is mounted above the coil setup in order to record robot position and
velocity data (Fig. 4.3a). A Point Grey Flea3 Monochrome camera outfitted with a 6 mm
Navitar lens is used. Image frames are processed to collect the position and velocity of the
robot using standard OpenCV libraries. A pre-defined region of interest is used as a mask
to remove pixels in the exterior of the region. Basic thresholding operations are then used
to binarize the color image. Subsequently, contours are detected and sorted according to
area, and the centroid of the robot is determined using moments from its detected contour.

4.3.4

Chemical Infusion

Hydrogel structures are prime candidates for encapsulating chemicals for subsequent targeted delivery in biological experiments (in vitro) or medical therapies (in vivo). In order to
demonstrate SMBRs as a platform for cellular and chemical delivery, a dehydration and infusion technique is developed to fill the porous robot matrix with either nutrient-rich media
required for cell growth or desired chemicals and small molecules. Robots are dehydrated
overnight (Fig. 4.2d) in ambient air, and then subsequently placed in either culture medium
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or concentrated blue dye for rehydration. Dehydrating the robots prior to infusion ensures
that the desired chemical completely pervades the robot. After 10 hours, the robots regain
their original volume and are infused.

4.3.5

Biological Systems Integration

In order to qualify the robot as a biocompatible platform for cellular growth and delivery,
bacterial cells are integrated with the robot. Synthetically engineered Escherichia coli strain
NEB 10-beta containing a custom plasmid which enables the constitutive (continuous) genetic expression of green fluorescent protein (GFP) is grown overnight in Luria-Bertani (LB)
medium supplemented with 50 µg/mL of kanamycin at 37◦ C and 200 RPM. The plasmid confers antibiotic resistance to kanamycin, which ensures that bacteria retain the plasmid via
selective pressure. Robots infused with LB media are then inserted into the bacterial culture
tube and inoculated at 37◦ C and 200 RPM for 2 hours. Robots are then removed from the
bulk bacterial culture, dried gently with an absorbent wipe and placed in a petri dish. After
sealing the dish, the robots are incubated at 37◦ C for 5-12 hours.

4.3.6

Fluorescence Readout

Typical tools used to measure fluorescence intensity of cells which express fluorescent proteins include fluorescence microscopes, flow cytometers, or plate readers. Due to the form
factor of this robot and in order to measure fluorescence output from cells in real-time on
the robot surface, a custom fluorescence imaging setup was created in order to read out the
cellular fluorescence signal. The excitation and emission of GFP are 488 nm and 510 nm,
respectively. Blue strip LEDs were wound around a petri dish containing the robot, and a
fluorescence imaging filter (amber acrylic, McMaster-Carr) was placed in front of the camera
lens.
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4.4
4.4.1

Modeling
Magnetic Fields

Actuation of robots in this experimental setup relies on generating a uniform rotating magnetic field using two pairs of nested Helmholtz coils (Fig. 4.3a-b). Fields produced from
Helmholtz pairs are approximately uniform and resulting magnitudes are well-described [2].
The robot is positioned in the center of the workspace, and is propelled along its long axis.
In order to achieve propulsion in this direction, the magnetic dipole moment M, of the robot
is perpendicular to its direction of travel (Fig. 4.3c). The magnetic dipole moment is a function of the robot material properties and geometry and it assumes that the magnetization of
the robot remains constant. As the field rotates, the robot’s dipole seeks to align itself with
the direction of the applied field. The robot’s travel direction can be reversed by reversing
the direction of current in the coils. The torque applied to the robot is

T=M×B

(4.1)

Since our system relies on actuation produced from an applied magnetic torque, we apply
sinusoidal time-varying fields at specific rotational frequencies. At low frequencies, the
robot rotates in synchrony with the applied field until a critical frequency. The robot’s
translational velocity increases linearly with increasing applied field frequencies. Previous
work has established that the cut-off frequency, also referred to as step-out, is the maximum
angular frequency at which the robot can follow the applied field [2, 65, 91]. This occurs
when the magnetization of the robot and the applied magnetic field are orthogonal. Beyond
the cut-off frequency, the applied torque is not sufficient to keep the alignment between the
robot’s magnetization. It has been established that when the phase-lag between the robot’s
dipole moment and the applied field is greater than 90◦ , there is a non-linear decrease in
the robot’s translational and rotational speed due to viscous drag [2, 91].
It has been established that the magnetic fields from multiple coils with air cores superimpose linearly. Thus, the field generated by a Helmholtz coil pair can be determined first
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examining the field generated by a single coil. Using a current loop model, derived using
the Biot-Savart law [2, 86], the magnitude of the field at any point located at a distance d,
along the central axis of a circular coil loop having radius R,

|B| =

µ0 N IR2
(R2 + d2 )3/2

(4.2)

where µ0 = 4π × 10−7 T · m · A−1 is the permeability of air, and I is the current through the
circular loop.
To estimate the field strength at the center of the workspace (z=x=0), the fields from
two coils are summed and the magnitude is evaluated at the center of the coil pair. Then
the field strength at the center of the workspace due to a coil pair is

|B| =

µ0 N I
(5/4)3/2 R

(4.3)

To estimate the field at a point along the axis of Helmholtz coils, we can apply the
superposition principle [86],
|B| = Bx + Bz

(4.4)

where

Bx =
Bz =

µ0 Nx Ix Rx2
2 [(z − `/2)2 + Rx2 ]3/2
µ0 Nz Iz Rz2
2 [(z + `/2)2 + Rz2 ]3/2

(4.5)
(4.6)

The magnetization vector lies in the xz -plane, which is the same plane over which the
field rotates

4.4.2

Hydrodynamics

Since we demonstrate our ability to drive the robot in a wide range of Reynolds number
regimes, the fluid effects on the robot depend upon the fluid medium through which the
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Table 4.1: Fluid Media Properties

Fluid
Medium
Water
20% glycerol
30% glycerol
50% glycerol
60% glycerol
80% glycerol
85% glycerol
90% glycerol
95% glycerol

Density
(kg/m3 )
1000
1047
1073
1126
1156
1211
1224
1238
1251

Viscosity
(mPa-s)
1.00
1.76
2.50
6.00
10.8
60.1
109
219
523

Reynolds
Number
28.670
23.748
15.430
5.867
2.370
0.049
0.011
0.005
0.002

Viscosity of aqueous glycerol solutions determined from [120].
robot is driven. The Reynolds number of a robot moving through a fluid is defined as

Re =

ρv`
µ

(4.7)

where ρ is the fluid’s density, v is the robot’s velocity, ` is the robot’s characteristic length,
and µ is the dynamic fluid viscosity. In low Reynolds number environments, viscous forces
dominate, inertial effects are negligible, and velocity is linearly related to viscous drag forces.
Due to the scale of the robot, when operating in low viscosity media, inertial effects are
present, Reynolds numbers are on the order of 101 (Table 4.1), and velocity is quadratically
related to the drag forces.
At low Reynolds number, motion can be approximated using Stokes equations of motion.
Since these equations are linear, the equations of motion for a chiral body are [2, 75, 111],
  
 
V A B  F 
 =
 
Ω
B C T

(4.8)

When an external force F and an external torque T are applied to the robot, the robot moves
with linear velocity V and angular velocity Ω. The kinetics of the system are related to
the kinematics via mobility tensors A, B, and C. The mobility matrix contains coefficients,
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which are specific to a robot’s geometry and proportional to fluid viscosity, as they provide
information on the resistance on an object as it moves through a fluid [75, 111]. These
relationships show how it is possible to drive a helical robot with linear velocity purely
by applying an external torque to the robot body. Rotation and translation are coupled
through the off diagonal elements of the mobility matrix.
To accurately model our experimental system, we assume that all motion occurs along
the y-axis, and the equations of motion for an object lacking a symmetric plane reduce to
  
 
 v  a b f 
 =
 
ω
b c
τ

(4.9)

where a represents the resistance to translation along the y-axis, c represents the resistance to
rotation about axes parallel to the y-axis , and b is the resistance to rotation and translation
along the edges of the helix, which are situated at a 45◦ angle to its primary axis.

Figure 4.4: Numerical model of fluid flow around a helical robot moving with purely translational
velocity. The force applied to the robot is computed by integrating the surface stresses which are
shown above. By isolating the force resulting from linear velocity only, it is possible to compute the
mobility constant along the major axis of the robot.

We developed a numerical model for the motion of the robot within a viscous fluid
environment using COMSOL. This modeling approach has been demonstrated in previous
work [60]. Analytical expressions for idealized helical structural elements do not capture
effects of nearby walls, and assume a stress-free environment [75, 111]. In this model, we
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capture the fluid dynamic effects that result from a no-slip boundary condition between
the robot and nearby surfaces in order to simulate the tube environment. The numerical
model was solved in two cases. In the first, a direct model of the helical swimmer is used
which measures 7.5 mm in length, 3.75 mm in diameter, with each helix composed of 1.5
turns. We prescribe the helical model to move with a linear velocity along its principal
axis (Fig. 4.4). In the second case, we approximate the geometry of the helix as a cylinder
with the same height and diameter as the helical swimmer. We prescribe the cylinder to
rotate at an angular velocity. The fluid viscosity used was that of 90% glycerol which is
approximately 200 times the viscosity of water. In both cases, the Stokes equations of fluid
motion were evaluated in order to compute the total stress applied to the object subject
to an applied velocity. By integrating the total stress over the object’s surface, we can
compute the resultant viscous drag force and torque experienced by the object. Using
this force and torque, we can directly compute mobility coefficients a and c. In order to
estimate b, we specifically chose corresponding rotational and translational velocities from
experiments, when the robot was operated at a frequency well below step-out, and when the
robot is assumed to synchronously rotate with the applied field. These numerical simulations
resulted in the following mobility coefficients: a = 0.17 µN−1 s−1 mm, b = 0.0026 µN−1 s−1 ,
and c = 0.0152 µN−1 s−1 mm−1 .

4.5
4.5.1

Results & Discussion
Characterization of Robot Motion

Experiments were designed and performed to benchmark the swimming behavior of robots
fabricated with two different concentrations of iron oxide as well as the behavior of robots
operated within a range of fluid viscosities. In all cases, robot velocity increases with increasing external magnetic field frequency up to a cut-off frequency (Fig. 4.5 and 4.6). After
this critical frequency is reached, the robot’s speed decreases non-deterministically. These
observations are consistent with previous results in which similar types of robots are powered
by magnetic torque [2, 65, 91].
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Figure 4.5: Experimental characterization of robots of various sizes fabricated with two different
concentrations of iron oxide. The robot’s linear speed is measured subject to increasing external
field frequency. Each data point represents the average speed of four different robots operated at the
same field frequency. (a) Characterization of four different sizes of robots molded using 5% (w/v)
iron oxide. Translational speed increases up to a cut-off frequency, and then speed decreases as the
magnetic dipole can no longer follow the field direction. (b) Characterization of robots containing
5% and 10% (w/v) iron oxide. Robots fabricated using a higher iron oxide concentration can be
operated at a wider range of rotational field frequencies.
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Figure 4.6: Experimental characterization of robots swimming in a range of fluid viscosities. The
smallest robot, which can hold 27 µL of agar gel was used for all experiments. Each data point
represents the average speed of four different robots operated at the same field frequency. (a) With
increasing viscosity of swimming media, fluidic drag on the robot increases, causing the maximum
velocity of the robot to decrease. Reynolds number in these trials is ∼ 100 to 101 . (b) Millimeter scale
agar robots are able to swim in high viscosity fluids. Maximum velocities range between 0.1 mm/s
to 0.3 mm/s. Reynolds number in these trials is ∼ 10−1 to 10−3 .

44

Four different sizes of robots containing 5% iron oxide powder were characterized in water. The Reynolds number for this set of experiments was ∼ 101 . Figure 4.5a shows the
maximum velocities range from 3 mm/s for the smallest robot to 10 mm/s for the largest
robot. The deviation from the mean grows as field frequency reaches cut-off and beyond,
which demonstrates the non-deterministic behavior of the system beyond the cut-off frequency. The data also show a decrease in achievable maximum velocity with robots of
decreasing size subject to the same magnetic torque.
Figure 4.5b compares robots molded using 10% iron oxide with those molded using 5%
iron oxide. Two different sizes are characterized for each concentration. 10% iron oxide
robots exhibit a higher maximum velocity than 5% iron oxide robots, which indicates that
they respond to higher magnetic torques. 5% iron oxide robots operate at frequencies
between 1 Hz and 5 Hz prior to cut-off, whereas 10% iron oxide robots are able to operate
at a larger range of rotational frequencies up to 10 Hz or 11 Hz. These results indicate 10%
iron oxide robots have a higher magnetization and can be operated at higher speeds and a
wider range of frequencies.
In order to investigate the effects of fluid viscosity on robot kinematics, the robot was
operated in a range of fluid media between 1.5 times and 500 times the viscosity of water
(Table 4.1). Figure 4.6 shows the frequency response of 10% (w/v) robots driven through
20% to 95% glycerol solutions. All robots used in these viscosity trials measured 7.5 mm
long and 3.75 mm in diameter (Fig. 4.2d). The maximum Reynolds number observed for
locomotion in water is ∼ 101 , whereas the maximum Reynolds number observed for locomotion in 95% glycerol is ∼ 10−3 . For lower viscosity fluids, maximum velocities range between
3 mm/s and 5 mm/s (Fig. 4.6 a). For higher viscosity fluids (Fig. 4.6 b), in which the robot is
operating in the low Reynolds number regime, maximum velocities range between 0.1 mm/s
and 0.3 mm/s. Our ability to drive these robots in high viscosity fluids suggests that we can
expect to operate the robots at smaller length scales with lower viscosity fluids.
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Figure 4.7: Cell growth on a robot’s surface was monitored in real-time post-inoculation. Robots
were imaged in a polystyrene petri dish. The signal in the image background is the autofluorescence
of the dish; (a) A robot is monitored immediately, 4 hours, and 10 hours post-inoculation. The
fluorescence signal increases over the course of incubation which is indicative of cell growth. White
arrows indicate areas of increased fluorescence (cell growth); (b) A robot not inoculated with cells
is shown at the same time-points as in (a); Scale bar is 2 mm.

4.5.2

Cellular and Chemical Payloads

Agar is a material composed from the cell walls of marine algae and it is routinely used as a
solidifying agent in microbiological culture media. Typical cell culture procedures in biology
involve growing bacterial cells across planar agar gel surfaces in a petri dish. Nutrientrich media is mixed with the agar such that cells have appropriate energy sources from the
environment for proliferation. Depending on the specific experiment, biologists use concentrations of 0.25% to 1.5% (w/v) agar. In this work, experiments demonstrate cell culture
on and within the 3% (w/v) agar gel robot structure. Fundamentally, SMBRs are manufactured from the same material, and are infused with the same media, that biologists use
for microbiological studies. E. coli is commonly cultured on agar surfaces and is a standard
bacterial strain used in synthetic biology to develop biological circuits. This experiment
utilized an engineered bacterial strain produced via standard molecular cloning techniques
in which bacterial cells are transformed with non-genomic DNA. This DNA is stored, maintained, and multiplied by the cell in order to express desired genes. In our system, E. coli
are specifically engineered to constantly express a gene which produces green fluorescent
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Figure 4.8: The robotic cell encapsulation and culture platform in which cells are growing on and
within the agar matrix, sensing nutrients in their environment, and expressing genes which produce
GFP on robots made with (a)
1% iron oxide; (b) 5% iron oxide and; (c) 10% iron oxide; (d)
4 mm
Uninoculated robots do not emit fluorescence; Scale bar is 4 mm.

(b)

protein (GFP). In its natural state, E. coli is not fluorescent and does not produce this
protein.
Our experiments focus on validating not only the biocompatibility of our robotic platform, but its ability to serve as a mobile biome in which cells both survive and grow on the
robot. This is attributed to the cells’ ability to sense and utilize nutrients stored within the
robot’s hydrogel matrix. Figure 4.7 displays a timeline of cell growth on a nutrient-infused
SMBR and shows the state of cell growth initially after inoculation, at 4 hours, and at 10

4 mm

4 mm

hours during incubation. The robot shows an increasing fluorescent signal along its surface
over the course of a 10 hour incubation (Fig. 4.7a). Conversely, the robot which was not
inoculated, and does not have cells growing on its surface, does not exhibit a fluorescent
signal (Fig. 4.7b).
A consequence of embedding agar with iron oxide is that the robot structure becomes
opaque, whereas agar is usually translucent. Figure 4.8 shows cell growth after 12 hours of
incubation on robots of varying opacity. Robots fabricated with 1% (w/v) iron oxide powder
are semi-transparent (Fig. 4.8a), whereas robots fabricated with 5% to 10% (w/v) iron oxide
powder are opaque (Fig. 4.8b-d). It is difficult to visualize fluorescence emission from opaque
robots because the emission signal can only be observed from a single facade when imaged
with a camera from above. Therefore, robots with less iron oxide content exhibit a stronger
fluorescent emission signal than robots with higher iron oxide content (Fig. 4.8a-c). For
comparison, a robot having no contact with cells is presented (Fig. 4.8d).
Figure 4.9 confirms the presence of cell growth on the surface of the robot. Environmental
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Figure 4.9: Environmental scanning electron micrograph of cells on the surface of the robot; (a)
Cells after 5 hours of growth on a 5% (w/v) iron oxide agar gel robot; (b) Cell division and growth is
observed on the robot surface as indicated by the elongation and dimpling of individual cells yielding
formation of daughter cells.
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Figure 4.10: Demonstration of cellular transport using a 10% (w/v) iron oxide robot measuring
10 mm in length and 5 mm in diameter. The robot is operated at 0.25 Hz in a clear polystyrene tube
filled with 80% glycerol. The reflection of blue LEDs used for fluorescence excitation can be seen
t = 38 s the edges of the tube.
along

scanning electron microscopy (FEI Quanta 600 FEG Mark II, 5-10kV accelerating voltage)
post-transport

was
performed on robots of each iron oxide concentration. There is no observable difference
post-transport
in the quantity of cells growing on robots of varying iron oxide concentrations. Figure 4.9a
shows a carpet of cells covering a sloped robot surface. ESEM images revealed elongated
cells having cleavage sites, which indicate that the cells were in the process of dividing and
growing at the time of imaging (Fig. 4.9b).
Figure 4.10 demonstrates the transport of robots functionalized with living cells. Cells
adhere to the robot surface over the robot’s entire trajectory, and remain viable before, during and after transport as they actively manufacture GFP (Fig. 4.10). To ensure cells remain
viable after transport, a small sample of cells is collected from the robot by swabbing the
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Figure 4.11: After transport, cellular samples were collected from the robot’s surface and used
to inoculate a fresh culture. 24 hours after plate inoculation, cell growth and the appearance of
individual colonies (white arrows indicate a subset) show that cells remain viable after transport.

4 mm

Figure 4.12: A robot delivering colored dye via diffusion to its local environment. After 24 hours,
the region of delivery measures approximately 20 mm in diameter.

surface with a pipette tip and resuspending the collected cells into 100 µL of LB media. The
sample is then plated on a sterile LB agar plate supplemented with the selection antibiotic
and incubated. After 24 hours of growth on the streak plate, formation of discrete bacterial
colonies expressing GFP was observed on the plate (Fig. 4.11). These colonies were formed
from viable cells collected from the robot. Thus, transportation does not compromise cell
viability. Delivery of viable cells, protein byproducts, and the genes which encode protein
production have significant implications in synthetic biology and nanomedicine. These results demonstrate this robot as a candidate platform for on-demand delivery of synthetic
DNA vectors and production of biomolecules encapsulated within or released from cells
on-board the robot.
To demonstrate delivery of chemicals via natural diffusion from the robot to its local
environment, a robot was infused with a high concentration of blue dye. The robot was
dried gently with an absorbent wipe and released onto a planar 1.5% (w/v) agar surface.
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Figure 4.12 presents a visualization of the successful delivery of the dye over a 24 hour period
to the robot’s local environment. The region of delivery has a radius of approximately 10 mm
from the center of the robot. Although leakage may be a concern for porous robots, in this
case the timescales of robotic manipulation are insignificant when compared to the timescales
for molecular diffusion.

4.6

Conclusion

This chapter introduces the design of a soft material robot manufactured from a biological
substrate which enables a suite of capabilities which are directly applicable to biological
experiments. We develop a micromolding manufacturing process which utilizes 3D printing
in order to customize robot shape. Using uniform rotating fields to propel the helical-shaped
robot, we experimentally characterize its locomotive behavior in a range of fluids having
viscosities spanning three orders of magnitude. Finally, we establish the principle that these
robots store, and can be infused with, a desired chemical or nutrient-rich media in order to
serve as a biological mobile testbed for living cells. Using bacterial cells, we demonstrate that
cells thrive on-board the robot since they are able to sense and use nutrient-rich media that
pervades the robot’s structure. The consequences of this work are immediately applicable in
biological research and nanomedicine. By encapsulating cells, robots can serve as individual
cellular culture payloads, which enables on-board biological experimentation. Furthermore,
by leveraging tools available in synthetic biology, this work suggests that these robots can
serve as individual biological and chemical manufacturing units in which robots can deliver
cells and cellular byproducts to targeted areas. Future work will explore scaling down the
fabrication process, fabricating the robot with other porous materials, and delivering a range
of chemical signals to enable applications in biotechnology and nanomedicine.
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Chapter 5

Biocompatible Fabrication
Small-scale robots are widely applicable for use in biological environments. Robots operating in these workspaces require non-cytotoxic and biodegradable architectures. Traditional
methods of manufacturing millimeter or micrometer scale robots inherently preclude the
use of many naturally-derived biological materials which fulfill these requirements. Fabrication via micromolding presents a practical method to incorporate these materials into the
small-scale robot design space.
In this chapter, we continue to investigate the development of soft, micro bio robots
(SMBRs) which were introduced in Chapter 4. They are composed of naturally-derived,
water-based hydrogels infused with iron oxide and propelled using uniform, rotating magnetic fields. We show that our method is generalizable to robots of different 3D geometries
and demonstrate the ability to create rolling robots and microscale helical swimmers that
could both be used for material drilling in biomedicine. By incorporating a humectant into
the molding process, we are able to create robots that are 3-10× smaller in characteristic
dimensions and more than 50× smaller in volume than those developed in Chapter 4. We
present the limitations of using stereolithography and two-photon polymerization printing
processes to create molds, and demonstrate that our method can be used across length scales.
We demonstrate and characterize the swimming behavior of microscale molded robots at a
range of applied magnetic field frequencies, and compare their swimming velocity to their

51

millimeter-scale counterparts. This work enables robot fabrication using functional biological materials, such that these robots can be used for biomedical tasks such as cellular and
chemical cargo delivery.
The research contained in this chapter was originally published in [58].

5.1

3D Micromolding

As reviewed in Chapter 2, conventional microscale fabrication methods inherently preclude
the use of biological materials and naturally-derived hydrogels. Furthermore, fabrication
seldom involves a single-step and often requires specialized surface treatment that is specific
to the desired application (i.e., delivery of chemical species). Moreover, many methods
use toxic low wavelength, high intensity laser light and/or chemical developers for postprocessing. While there have been many successful approaches to small-scale manufacturing,
there is an entire class of biological materials that is not compatible with 3D printing or
conventional microfabrication methods. Molding presents a practical method to incorporate
these materials into the small-scale robot design space.
Molding has emerged as a promising fabrication alternative which offers several advantages including a faster fabrication time compared to DLW methods, the indefinite reuse
of molds, and the ability to cast a wide-variety of materials. There have been many examples of microstructures formed from polydimethylsiloxane (PDMS) which is cast into a
2D mold produced using photolithography or 3D printing. Molding has been used to create
small-scale PDMS components including entire micro-scallop swimming robots [113], flexible sensor arrays [47], and biohybrid actuators powered by muscle cells [116]. Additionally,
when molded in 2D, stimuli-responsive materials can reconfigure into 3D geometries [55, 57].
Molding further offers the advantage to directly produce shapes with complex 3D geometries (i.e., curved surfaces) in a single-step. Bernardeschi et al. demonstrated direct molding
of sheets of PDMS containing arrays of micropatterned shapes, such as hemispheres and
channels, by using DLW to produce flexible molds [19].
In Chapter 4, we introduced a molding fabrication technique in which we directly molded
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Figure 5.1: Soft, micro bio robots (SMBRs) manufactured via 3D micromolding which enables
the robots to be composed of biological hydrogels infused with iron oxide and a humectant. The
robots can serve as cell scaffolds and chemical carriers due to their non-toxic and porous matrix.
Micromolding is generalizable to a wide variety of 3D robot structures across a range of length scales.
In this work, micromolded robots are 10× smaller than previously reported [59]. Scale bar is 2 mm.

3D millimeter-scale magnetic helices composed of a porous biological hydrogel [59]. The
smallest robot we showed in this chapter measured 7.5 mm long and 3.75 mm wide and had
a volume of 27 µL. Since the robots are composed of a water-based hydrogel, we initially
encountered challenges with attempts to scale down fabrication because the robots desiccated
and warped prior to demolding.
In order to overcome these limitations, we develop a new technique to fabricate soft,
micro bio robots (SMBRs) composed of naturally-derived hydrogels infused with iron oxide (Fig. 5.1). The technique introduced in this work incorporates a humectant into the
molding recipe such that the robot is kept moist and does not desiccate before it can be
removed. This allows us to explore two different methods of creating molds that are 3-10×
smaller in characteristic dimensions and more than 50× smaller in volume from our previous work. In particular, we investigate the limitations of producing molds using 3D printers
which employ either stereolithography (SLA) or two-photon polymerization (TPP) printing
processes. We show that our method can be used across length scales to produce both
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millimeter and microscale robots. We demonstrate the propulsion of micromolded helical
robots using rotating magnetic fields applied at various frequencies, and further characterize
their swimming velocities in viscous fluids.

5.2

Magnetics Background

Magnetism is a widely studied actuation and control modality that has offered significant
promise in driving small-scale robotic systems ranging from millimeter to sub-micrometer
in size. Magnetic manipulation is consistently utilized because non-magnetic materials are
unaffected by the fields and robots can be operated within an experimental setup that
obstructs line-of-sight. Moreover, magnetic fields are particularly well-suited for application
in biological environments because they do not harm cells and tissues.
Magnetic robots are actuated by forces and torques which result from a magnetic fields
applied to the workspace. Robots are either pulled using a gradient or rotated within a
uniform field. The force, F on a magnetic robot due to a gradient in the field is described
by
F = (M · ∇)B

(5.1)

where M is the magnetization of the robot and B is the applied magnetic field. When the
direction of the magnetic field changes, the robot’s magnetization vector will seek to align
itself with the applied field, and the torque T, applied to the robot is described by

T=M×B

(5.2)

Previous studies have shown significant progress using rotating magnetic fields generated
by electromagnetic coils or rotating permanent magnets to propel helical swimmers [2]. In
this work, we have manufactured helical magnetic robots, which are actuated using an
applied magnetic torque. In our experiments, magnetic fields are generated by two pairs of
nested Helmholtz coils and robots are operated at the center of the workspace where fields
are approximately uniform.
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Helical robots corkscrew through the fluid in a similar fashion to motile bacteria. The
robot is magnetized along its short axis, which is perpendicular to its direction of travel.
The robot’s magnetic dipole moment is reoriented to align with the field’s direction. At low
magnetic field frequencies, the robot rotates approximately synchronously with the applied
field, and its translational velocity increases linearly with increasing field frequency up to a
cut-off frequency [2]. The cut-off frequency is the maximum frequency which the robot can
reliably follow the applied field. Previous studies have established that beyond the cut-off
frequency, the robot’s velocity decreases non-deterministically [2, 4, 65]. This occurs due to
a phase-lag greater than 90◦ between the magnetization of the robot and the applied field
[2, 4, 65].

5.3
5.3.1

Methods
Robot fabrication via micromolding

Magnetic robots are fabricated using a molding process that is generalizable to produce
robots across multiple length scales. Our previous work reported a method for fabricating
several sizes of helical-shaped robots having diameters between 3.75 and 7.5 millimeters and
lengths between 7.5 and 15 millimeters [59]. The method reported in this work differs by
incorporating considerations for scaling down the robot fabrication process. In order to
mold 3D shapes directly using a process resembling injection molding, negative molds are
designed to have two corresponding halves, which are held together and aligned with two pins
(Fig. 5.2a). All robots are composed of agar, which is a naturally-derived hydrogel (Difco,
BD Biosciences). The molds are filled with 25% (w/v) glycerol (UltraPure, Invitrogen)
and 3% (w/v) agar gel embedded with 10% (w/v) iron oxide nanopowder (637106, SigmaAldrich). The addition of glycerol allows molding of truly microscale robots because it
prevents the robots from drying and warping prior to extraction. Other additives may be
incorporated into the gel such as nutrients for cell culture (i.e., Luria-Bertani or M9 media),
chemicals, or dye. This enables the incorporation of function without the need for specialized
post-processing such as additional surface chemistries or depositions. The agar mixture is
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(a)

(b)

(c)

(d)

Figure 5.2: 3D micromolding fabrication procedure; (a) 3D printed molds are filled with molten
agar gel infused with a humectant (glycerol) and iron oxide. Once agar reaches room temperature
and cures, robots are extracted from the two-piece negative mold; (b) Molding can be used to
produce many robots in a single batch. Molds printed using sterolithography result in robots with
feature sizes as small as 300 µm; (c) Robots are manually demolded using tweezers; (d) A mold half
containing a negative of a 750 µm long and 375 µm wide robot, which is produced via two-photon
polymerization.

heated until it liquefies, is thoroughly mixed with iron oxide and other desired additives, is
immediately poured into the mold, and is allowed to cure at room temperature. The process
for preparing and heating the agar gel has been previously reported [59].
Molding can produce a single robot or is suitable for batch fabrication (Fig. 5.2b). The
negative molds are designed in SolidWorks and 3D printed using either stereolithography
(SLA, Projet 6000HD) or two-photon polymerization (TPP, Nanoscribe Photonic Professional GT) as shown in Fig. 5.2b and Fig. 5.2d, respectively. Robots are manually demolded
by separating the mold halves and each robot is individually dislodged using tweezers (Fig.
5.2c). The robots are pre-magnetized using a neodymium-iron-born (NdFeB) magnet.
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This process is generalizable to a wide-range of robot shapes and sizes. We fabricate
molds that produce helical-shaped robots consisting of 1.5 turns, measuring 2 mm in length
and 1 mm in width and having a volume of 0.49 µL. Their fins measure 300 µm long. The
smallest successfully cast helical robot is produced using the mold shown in Fig. 5.2d, and
measures 750 µm long and 375 µm wide.

5.3.2

Electromagnetic Actuation

Figure 5.3: Robots are actuated using rotating magnetic fields generated by a pair of nested
Helmholtz coils. The arrow indicates the center of the workspace where the robots are operated.

Robots are driven using rotating magnetic fields generated by two pairs of nested Helmholtz
coils housed within an acrylic frame as shown in Fig. 5.3 [59]. Each coil pair is wound using 20 gauge enamel-coated copper wire and wired in series. The inner coils contain 225
wraps of wire and have a resistance of approximately 2.25 Ω. The outer coils contain 375
wraps of wire and have a resistance of approximately 6.25 Ω. A programmable power supply
controlled by a Measurement Computing USB 3103 DAQ powers each set of coils. The
robots are operated at the center of the workspace within a polystyrene tube filled with 50%
(v/v) glycerol. Magnetic fields are approximately uniform and measure 3.4 mT (Extech Instruments, MF100). An overhead mounted Point Grey Flea3 Monochrome camera captures
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video and standard OpenCV libraries are used for processing.

5.4

Fabrication

In Chapter 4, we introduced a simple molding fabrication process which enabled us to produce millimeter-scale SMBRs composed of agar gel embedded with iron oxide nanopowder
[59]. Agar is an ideal candidate material for small-scale robots intended for use with cells,
tissues, and sub-cellular constructs (i.e., proteins, enzymes, DNA vectors) due to its conventional use in microbiological experiments. However, we encountered challenges in scaling
down the robot design due to the high water content of the agar. In this work, we describe
how we overcame this limitation by incorporating a humectant (glycerol) as an additive in
the composite hydrogel. In particular, we demonstrate our ability to scale down 3D molding
to the microscale by producing molds using 3D printers which employ either stereolithography (SLA) or two-photon polymerization (TPP) printing processes.

5.4.1

Robot fabrication with SLA printed molds

We investigated the potential of using a Projet 6000HD SLA printer to miniaturize our initial
design for a helical SMBR. This printer uses a method in which a polymer (VisiJet SL Clear)
is polymerized using a UV laser. The polymer is built-up in layers and is cured in 2D slices.
Typical layer thicknesses for the printer used in this study are between 50 µm and 125 µm.
After printing, uncured material is manually removed in an isopropyl alcohol bath. Fig.
5.4 outlines the feasibility of producing microscopic negative molds using the SLA printer.
Various sizes of robots are presented in order to show the small-scale printing limitations
(Fig. 5.4b-f). As robot size is scaled down, features become less defined (Fig. 5.4c-f).
Below 300 µm, feature sizes approach the resolution of the printer (Fig. 5.4d-f). Apart from
printer resolution, post-processing is also a challenge when robot features measure less than
300 µm. Since uncured polymer is manually removed after printing, it is difficult to dislodge
uncured material that might remain within the mold cavities after printing. This can cause
the microscopic molds to become permanently clogged. Considering these challenges, the
smallest robot with acceptable features that we were able to successfully mold using an SLA
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Figure 5.4: Microscale printing using an SLA 3D printing process; (a) Various sizes of robots are
printed within a negative mold half. Scale bar is 2mm; (b) Negative mold of a 2 mm by 1 mm helical
robot; (c) Negative mold of a 1 mm by 0.5 mm helical robot; (d) As the robot size is scaled down,
molds become clogged with uncured polymer; (e) Robot dimensions begin to approach the printer’s
resolution; (f) The lower limit of the printer is reached and robot features become unrecognizable;
Scale bar is 500 µm.

(b)

(a)

(g)

Figure 5.5: Robots can be produced across multiple length scales using 3D micromolding; (a) Millimeter to micrometer helical robots; (b) Microscale helices having fins which measure 300µm wide;
Scale bars are 2 mm.

printer measures 2 mm long and 1 mm wide, contains 0.49 µL of gel, and has 300 µm wide
fins (Fig. 5.5). Even though these robot geometries could have been realized using SLA or
DLW directly, these methods are not inherently compatible with biological materials.
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Figure 5.6: 3D micromolding using negative molds produced using two-photon polymerization. The
dotted line indicates the robot’s geometry; (a) Mold half containing a robot negative measuring
750 µm long and 375 µm wide and two alignment pins; (b) After filling and aligning the mold halves,
the material is cured at room temperature and the mold halves are separated. One half of the mold
is left empty; (c) The robot remains seated in the other half of the mold; Scale bars are 125 µm.

Figure 5.7: Representative mold produced using TPP printing which shows the potential of scaling
down the micromolding process to produce robots having a characteristic length as small as 25µm.
Scale bars are 125 µm.

5.4.2

Robot fabrication with TPP printed molds

The two-photon polymerization printing process provides an avenue to continue to investigate both the miniaturization of molded robots and the challenges involved in scaling the
molding process down to produce microscale robots. We explored the potential of using
a Nanoscribe Photonic Professional GT printer to further miniaturize the 2 mm by 1 mm
helical SMBR that we successfully fabricated using the negative molds printed using stereolithography. This printing method uses a TPP process in which IP-S photoresist is cured.
Parts are assembled on indium-tin-oxide (ITO) coated glass slides. After printing, parts are
developed using propylene glycol methyl ether acetate (PGMEA) to remove any uncured
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resin.
Fig. 5.6 shows negative mold halves produced using TPP printing. Microscale printing
offers higher resolution and the ability to produce precise microscale features. However, using
these molds introduces significant challenges into the fabrication process such as alignment of
the mold halves, filling the mold, and part removal. Instead of filling the mold, we employed
a different technique in which the gel composite was stamped between the mold halves.
Using a microscope for visualization, the robots were manually demolded. The smallest
robot cast from a TPP printed mold measures 750 µm in length and 375 µm in width and
is shown in Fig. 5.6c. This represents a 10× smaller robot than presented previously [59].
TPP printing will allow further scaling down of robot size. Fig. 5.7 shows a mold capable
of producing robots of various sizes down to a characteristic length of 25 µm. Molding offers
significant advantages in the time required to manufacture robots. Once molds are 3D
printed, they can be reused indefinitely to mold batches of robots in a matter of minutes
instead of writing robots directly, which can take several hours of print time.

5.5

Locomotion

Previous work has characterized the motion of small-scale robots propelled using applied
magnetic torque.

Helical swimmers propelled using rotating magnetic fields corkscrew

through fluids and rotate approximately in synchrony with the applied field frequency
[2, 4, 65]. With increasing field frequency, the robot will exhibit linearly increasing translational velocity up to a critical cut-off frequency. Beyond cut-off, the robot no longer rotates
in synchrony with the applied field and its speed decreases [2]. This behavior is consistent
across a wide-range of fluid viscosities [59].
Experiments were performed to confirm helical robots can be reliably actuated using
an applied magnetic torque in a fluidic environment. For all experiments, the robots were
operated in a tube filled with 50% (w/v) glycerol, which has a viscosity of approximately
6 mPa-s [59]. As discussed in previous work, velocity can be tuned by changing the viscosity
of the fluid environment or changing the field frequency [59].
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Average Linear Speed [mm/s]

Figure 5.8: Helical SMBR propelled through a 50% glycerol swimming media using a 4 Hz rotating
magnetic field. The robot measures 2 µm long and 1 µm wide and has 300µm long fins. The robot
travels at 0.71 mm/s. Scale bar is 4 mm.
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Figure 5.9: Experimental characterization of robot swimming speed in 50% glycerol. The linear speed
of the robot increases up to a cut-off frequency after which speed decreases non-deterministically as
the robot’s magnetic dipole can no longer follow the field direction. Each data point represents the
average speed of four different robots operated at the same field frequency. The designations in the
legend correspond to the robot’s characteristic length.

Helical SMBRs measuring 2 µm long and 1 µm wide with 300 µm long fins were actuated
using a rotating magnetic field (Fig. 5.8). Fig. 5.9 provides an experimental comparison
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of the swimming behavior of the robot fabricated in this work to millimeter-scale robots
of the same shape [59]. Helical SMBRs measuring 7.5 mm in length and 3.75 mm in width
are compared with those measuring 2 µm in length and 1 µm in width. All experiments
are performed using a field strength of 3.4 mT and the rotational frequency is increased
from 0.25 Hz to 7 Hz. This confirms that subject to the same magnetic field magnitude and
frequency SMBRs are still magnetically responsive as their volume scales down. Volume is
decreased by more than 50× compared to previous robots produced via micromolding [59].
The Reynolds number of the helical robots characterized in Fig. 5.9 is in the range of 100 101 . Fig. 5.9 shows that at low magnetic field frequencies the robot’s translational speed
increases linearly as field frequency increases up to a maximum speed, which is observed
at the cut-off frequency. After this cut-off frequency, translational speed decreases nondeterministically. This behavior is consistent with previous experiments in which small-scale
robots are actuated using an applied magnetic torque [2, 65]. The maximum speed for robots
fabricated in this work occurs using a 6 Hz rotating field and is approximately 1.09 mm/s.
These results indicate that this 3D micro molding fabrication method can be used to
produce mobile micro robots spanning orders of magnitude in length scale. Functional
magnetic materials are directly incorporated into the robot matrix, without the need for an
extra fabrication step or complex chemical functionalization.

5.6

Conclusion

This chapter presents a new technique for small-scale robot manufacturing that is significant
for creating biocompatible robots from biological materials. We overcame limitations of 3D
molding with water-based, biological materials by incorporating a humectant as an additive
in the robot scaffold. This allowed us to scale helical SMBRs down by 3-10× in characteristic
dimension and more than 50× in volume from previous work [59]. Additionally, we showcase
the ability to create robots of different geometries across multiple length scales indicating
that 3D micromolding is a highly generalizable fabrication method. We also demonstrate
and characterize the swimming behavior at a range of applied magnetic field frequencies
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in viscous fluids. Future work will explore molding different robot structures and designs,
incorporating other biologically relevant materials into the robot scaffold, and developing
methods for mass robot production and demolding.
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Chapter 6

Biological Sensing and Processing
Foundational work in synthetic biology has enabled biological sensors and processing units
which display remarkable similarity to the functions of electrical circuitry. As reviewed in
Chapter 2, genetic toggle switches, oscillators, logic gates, and cell-cell communication circuits have been developed [21]. These advances have led to open publishing of standard
libraries of genetic parts such that promoters, ribosome binding sites, genes, and terminators can be assembled into vector backbones and cloned into microorganisms which exhibit
desired behaviors. This assembly is analogous to the combination of transistors, resistors,
or diodes to fabricate electronic circuits.
In this chapter, we synthetically engineer quorum sensing networks in bacteria which
form the basis of organic microrobotic sensing and processing units. Biosensors produce,
detect and respond to extracellular small molecule chemical signals. We further use optogenetic tools to engineer chemical actuators to produce small molecule stimuli on-demand in
response to a light stimulus. We show that these biosensors can be used as a two-way communication platform between microrobots and their local environment, where the receipt of
signals is confirmed via production of fluorescent reporters. These results constitute the first
instance that microrobots have been used in feedback control loops of biological circuits.
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6.1

Introduction

Synthetic biology offers a powerful toolkit to enable the production of behavior-specific components for robotics, while robotics offers the ability to enhance or to enable experiments
in synthetic biology. Biological experiments often involve the transport and delivery of
molecules or chemical cues to cells with precise spatiotemporal resolution. In this chapter,
we further develop the SMBRs introduced in Chapter 4 and imbue them with synthetically engineered microorganisms as sensors, processors, and communication modules. These
components are embedded within biocompatible robots which autonomously perform experiments to study synthetically engineered cell-cell communication networks. The robots add
an additional element in the feedback control loop of engineered biological systems.
The biocompatible robotic platform is composed of a soft hydrogel structure which forms
the basis for embedding synthetic sensors and processors within the robot. By also embedding magnetic nanoparticles within the robot, we demonstrate actuation and control to
target locations along cell-laden 2D substrates using closed-loop visual feedback. Further,
we synthetically engineer quorum sensing networks in bacteria in order to study cell-cell
communication. This intercellular communication strategy involves the production, detection, and response of extracellular small molecule signals. We demonstrate sensing of both
chemical and optical stimuli as well as communication between the robot and populations
of cells over long distances relative to molecular diffusion.
In this chapter, genetically engineered “receiver” cells are programmed to sense a biochemical signal that is synthesized and secreted by “sender” cells. In this paradigm, receiver
cells function as biosensors and sender cells function as chemical actuators. We demonstrate
two methodologies for robot-to-cell information transfer in feedback control loops (Fig. 6.1).
In the first, we demonstrate signal broadcast from an on-boarded chemical actuator, where a
helical-shaped robot composed of a porous, biological hydrogel embedded with iron oxide is
infused with the signaling molecule and is driven over a lawn of receiver cells using a uniform,
rotating magnetic field. In the second, we demonstrate microenvironmental measurements
recorded using on-boarded biosensors, where sender cells are cultured on the robot and
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Scenarios Considered for On-boarding Biosensors and Chemical Actuators

chemical
actuator

biosensor

chemical
actuator

biosensor

Microenvironmental
measurements from onboarded biosensor

Signal broadcast
from on-boarded
chemical actuator

Figure 6.1: Microrobots imbued with chemical actuators or biosensors function as additional elements in biological feedback control loops.
125

transported to a target area of receiver cells. The signaling molecules diffuse to the local
environment, which triggers genetic expression of fluorescent proteins in the receiver population. Fig. 6.2 illustrates an overview of the genetic circuits designed in this work and
provides an overview of how signals are synthesized an detected using quorum sensing genes.

6.2

Quorum Sensing Background

Quorum sensing is a mechanism of gene regulation in bacteria. At the population-level,
bacteria use quorum sensing as a cell-cell communication strategy in order to respond to
environmental cues (e.g., physical, chemical or optical). Quorum sensing bacteria produce
and secrete diffusible chemical signals called autoinducers. These signaling molecules accumulate in their local environment and once a sufficiently high concentration is reached, gene
expression in individual cells is triggered leading to a population-level change in behavior.
These emergent behaviors may manifest in phenomena such as biofilm formation, motility,
and virulence [97].
There are a multitude of quorum sensing pathways which occur naturally including the
lux system from the bioluminescent marine bacterium Vibrio fischeri [41] and the las and rhl
systems from the biofouling pathogen Pseudomonas aeruginosa [106]. Synthetic biologists
have harnessed components from these systems in order to engineer coordinated behaviors
in populations of cells. These cell-cell communication and intracellular signaling processing
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Figure 6.2: Overview of sender and receiver cell quorum sensing circuits. Signals are secreted by
sender cells or autoinducer infused robots and are detected by receiver cells. A) Soft micro bio robot
infused with C4HSL function as chemical actuators. B) Sender cells (chemical actuators) consitutively express a C4HSL synthase leading to production and secretion of C4HSL. C) Light-responsive
two-component system YF1/FixJ induces expression of C4HSL synthase leading to light-activated
production and secretion of C4HSL. This is a light-activated chemical actuator. D) Receiver cells
function as biosensors and detect C4HSL signals which leads to an observable readout of GFP
expression.

networks have been used for spatiotemporal pattern formation, programmed cell death, and
selective cancer cell treatment [5].
These cell-cell communication and signaling pathways are highly specific and sensitive to
their corresponding cues. Receiver cells function as AND logic gates and produce a readout
in the presence of both an autoinducer and an activator (transcript). The AND function of
the receiver cells is illustrated in Fig. 6.3

6.3
6.3.1

Materials & Methods
Circuit Design and Strain Construction

Four custom plasmids were designed for this work and information is summarized in Fig.
6.4. pNDW1 utilizes pLacIq to drive the constitutive expression of green fluorescent protein
(GFP). Receiver cells are fabricated by utilizing genetic components within the rhl quorum
sensing system from Pseudomonas aeruginosa. pNDW2 is receiver plasmid which utilizes
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Biosensors Function as AND Gates
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Figure 6.3: Receiver cell biosensors function as AND gates. Schematics adapted from [88, 150].
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Figure 6.4: Plasmids used to construct biosensors.

pRhl-LacO from [69] to drive GFP expression in the presence of N-butyryl-L-Homoserine
lactone (C4HSL, Cayman Chemical, 10007898). pNDW3 is a sender plasmid which employs
the strong, constitutive promotr pLacIq to regulate expression of rhlI, a C4HSL synthase.
These plasmids were constructed by Golden Gate [38] assembly in empty vectors according to the MoClo [148] Toolkit, which was a gift from Sylvestre Marillonnet (Addgene kit
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# 1000000044). 40 fM of each DNA part was combined in a total volume of 10 µL containing
1X T4 DNA Ligase buffer, 2,000 units of T4 DNA Ligase, and 20 units of restriction enzyme
(BbsI or BsaI). Golden Gate assembly was performed at 37◦ C for 1 hour followed by 50◦ C
for 5 minutes, 80◦ C for 5 minutes, and then held at 4◦ C.
pDawn-rhlI is a vector for blue light induced gene expression of rhlI. It was constructed
using multipart Gibson Assembly using pDawn as a backbone vector. pDawn was a gift
from Andreas Moeglich (Addgene plasmid # 43796) [102]. pDawn was linearized within
its multiple cloning site by digestion with restriction enzymes NdeI and BamHI, and then
amplified via PCR using the primers in Table 6.1. From pNDW3, the rhlI insert (606 bp)
was extracted and amplified using PCR and Primers 1 and 2 (Table 6.1). The amplified
PCR products were then assembled with the NEBuilder HiFi DNA Assembly Protocol (New
England BioLabs, Inc.). Restriction enzymes were purchased from New England BioLabs
Inc., and PCR primers were ordered from Integrated DNA Technologies, Inc. All plasmid
constructs contain kanamycin antibiotic selection markers and were transformed into E. coli
cloning strain NEB 10-beta.
All liquid-phase cultures were grown at 37◦ and 200 RPM in media supplemented with
50 µg/mL of kanamycin unless otherwise specified. Solid-phase cultures were grown at 37◦
on 1.5% LB-agar plates.
Table 6.1: Primers used to construct pDawn-rhlI plasmid.
Number
1
2

6.3.2

Name
pDawn-rhlI-fwd
pDawn-rhlI-rev

Sequence 5’-3’
CTGGTGCCGCGCGGCAGCCATATGATCGAATTGCTCTCTGAATCG
GTCGACGGAGCTCGAATTCGGATCCTCACACCGCCATCGACAG

Liquid-Phase Characterization of Receiver Circuit

To study the receiver circuit’s response in liquid phase, the receiver strain pNDW2 was
characterized in order to determine the timescale required to reach maximum fluorescence
output after induction with C4HSL. E. coli cells harboring pNDW2 were grown overnight
in Luria-Bertani (LB) medium, and subsequently diluted 1:100 into M9 minimal medium
supplemented with 0.4% glucose, 0.2% glycerol, 2 mM magnesium sulfate, 100 µM calcium
chloride, 1 mM thiamine hydrochloride, and 0.2% casamino acids. The culture was grown to
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an optical density at 600 nm (OD600) reached approximately 0.3. Cells were then induced
with 100 nM C4HSL (< 1% DMSO (v/v)). Fluorescence (excitation = 485 nm; emission
= 535 nm) was measured every hour after induction until the cells reached steady-state
expression using a Tecan Infinite m200 plate reader. Resulting dynamic response curves
were fit to an exponential function,

y(t) =
1+



yf

yf −y0
e−kg t
y0

(6.1)

using a non-linear least-squares fit in Matlab (Mathworks, Inc.). Additionally, to determine
the dosage response transfer function, cultures were prepared as described above, induced
with C4HSL, and fluorescence was measured 7 hours later. Resulting dosage response curves
were similarly fit to a sigmoidal function,

y(x) = y0 +

6.3.3

α[x]n
β n + [x]n


(6.2)

Liquid-Phase Characterization of Light-Activated Sender Circuit

E. coli cells harboring pDawn-rhlI or pNDW2 were grown overnight as described above.
Saturated cultures were diluted 1:100 into fresh minimal media and grown until OD600∼0.3.
Cells harboring pDawn-rhlI were induced by incubating under blue light (470nm) for 6
hours. A negative control of pDawn-rhlI and pNDW2 were grown in the dark. All cultures
were washed via centrifugation and the supernatant was discarded. pNDW2 cultures were
resuspended in the media from pDawn-rhlI, incubated for 6 hours, and then fluorescently
imaged.

6.3.4

Loading SMBRs with C4HSL Payloads

In order to prepare the robot for chemical delivery, robots were dehydrated in ambient
conditions and subsequently infused with either 100 µM for stationary experiments or 500 µM
C4HSL for mobile experiments. The dehydrated robots were immersed in the desired C4HSL
concentration and gently agitated for 1 hour until they were completely rehydrated. This
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technique ensures that the desired chemical concentration completely permeates the robot
structure.

6.3.5

Loading SMBRs with Sender Cell Payloads

Sender cells are grown overnight in LB medium, and are then diluted 1:100 in M9 medium
also containing selection antibiotics. The culture is grown until OD600 ≈ 0.3-0.4. The cells
are then washed by centrifugation for 10 minutes at 3,000 RPM and resuspended in fresh
M9 medium. Dehydrated robots are rehydrated and inoculated by soaking in the washed
sender cell culture for 1 hour.

6.3.6

Robot Fabrication, Actuation, and Imaging

Robots are fabricated using the 3D micromolding scheme described in Chapter 5, and actuated using rotating magnetic fields as described in Chapter 4. Fluorescence imaging of
macroscopic robot views are performed using setup described in Chapter 4. The fluorescence
imaging and electromagnetic actuation setup is shown in Fig. 6.5(b).

6.3.7

Delivery of Chemical Actuator Payloads to Biosensors

Robots are prepared with either sender cells or signaling molecules as described above.
This construction constitutes the robot operating as a chemical actuator. Corresponding
receiver cells (biosensors) are grown to OD600≈ 0.3 as described above. 2 mL of receiver cell
culture is centrifuged for 10 minutes at 3,000 RPM and the supernatant is discarded. The
pellet is resuspended in 300 µL of 0.35% agarose (Invitrogen) and immediately pipetted onto
plates in petri dishes or plugs in culture tubes of 1.5% M9-kanamycin agar (Fig. 6.5(a)).
Robots are dried with an absorbent wipe, centered on the plate, and placed in a stationary
incubator at 37◦ C. For mobile experiments, robots are introduced to a tube filled with 2%
methyl cellulose, which has a viscosity of approximately 15 mPa-s (Sigma-Aldrich, M7027),
and driven to the plug of receiver cells (Fig. 6.5(c)). Fluid media is drained. Fluorescence
images are automatically acquired once every 30 minutes.
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(a)
Robot
M9 agar
Receiver cells
in agarose
2% methyl
cellulose
AHL signaling
molecule

(b)

(c)

M9 agar
Receiver
cells in
agarose

Figure 6.5: Experimental system design; (a) Helmholtz coils drive helical motion. The workspace
is equipped to capture fluorescence images as shown by the excitation LEDs and acrylic emission
filter in front of the camera lens; (b) Experimental setup for stationary robot-cell communication; (c)
Experimental setup for long-range robot-cell communication. A soft agar helical robot is transported
to a plug of receiver cells embedded on top of nutrient-rich agar.

6.4
6.4.1

Mathematical Model
Background

To aid in the design and construction of engineered genetic circuits, mathematical models can
guide design decisions and enable optimization of system performance. Various approaches
to modeling quorum sensing gene networks have been considered in both liquid [81] and solidphase environments [34]. In some instances, tools from control theory and hybrid systems
have been applied to model the readout of quorum sensing gene networks as a switched
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dynamical system [14, 78]. More commonly, deterministic or stochastic reaction-diffusion
models can be composed using biochemical reaction kinetics (i.e., Michaelis –Menten), Hill
functions describing binding affinities, and ordinary differential equations [10, 11, 69].

6.4.2

Nomenclature and Definitions

Symbols for genes are italicized (e.g., rhlR), whereas symbols for proteins are not italicized
and the first letter is upper-case (e.g., RhlR). A summary of the variables used in this model
is outlined by Table (6.2) and the rate constants are defined by Table (6.3).
Table 6.2: Variables used in the reaction-diffusion model. All quantities have units of µM.

Symbol
A
I
RhlR
R
G

Species
C4HSL
RhlI
RhlR
RhlR/C4HSL complex
GFP

Definition
N-butyryl-L-Homoserine lactone autoinducer
C4HSL synthase
transcriptional activator protein
active transcription factor
green fluorescent protein reporter

Table 6.3: Definition of rate parameters used in reaction-diffusion model.
Parameter
ρR
γR
RhlR
γG
αG
kr
η
αA
γA
αI
γI
DA

6.4.3

Definition
RhlR/C4 HSL dimerization
RhlR/C4 HSL complex protein decay
Fixed amount of RhlR present receiver cells
GFP protein decay
GFP synthesis rate
RhlR/C4HSL activation coefficient
RhlR/C4HSL transcription factor cooperativity
C4HSL production rate
C4HSL degradation rate
RhlI synthesis rate
RhlI degradation rate
C4HSL intercellular diffusion coefficient in 2% agar

Value
0.5
0.0231
0.5
0.0075
2
0.03
1
0.01
0.0167
1
0.0167
0.0167

Unit
µM−3 min−1
min−1
µM
min−1
µM min−1
µM
–
min−1
min−1
µM min−1
min−1
mm2 min−1

Source
[10]
[10]
Estimated, [10]
Estimated, [10]
[10]
Estimated
Estimated
[69]
[69]
[10]
[69]
[10, 69],Estimated

Deterministic Reaction-Diffusion Model

In order to investigate the spatiotemporal dynamics of the bacterial biosensors and to understand their switching behavior, we developed a deterministic reaction-diffusion model
derived from prior work [10, 69]. One of the primary goals of synthetic biology is to engineer gene circuits that can respond predictably to a desired input signal. Typically, the
input is an environmental cue (e.g., light, pH, etc.), and the input is processed through a se74

ries of biochemical reactions leading to processing into a readable output (i.e., fluorescence,
motility, death, etc.). These changes in cellular behavior are governed by regulation of gene
expression, and the relationships between input and output signals and the mechanisms
underlying how those signals are processed are dictated by gene transfer functions.
Here, we develop a mathematical model to understand both the dynamics and the steadystate behavior of our biosensors, and we use this model to predict the activation time,
activation signal concentration, and the two-dimensional range over which the sensor can
be triggered. Hill functions coupled with ordinary differential equations were used to model
promoter activation by transcription factor R, as well as protein and acyl-HSL production
and degradation, as previously described [10, 69].
A four species model was used to simulate the liquid-phase dosage response transfer
functions shown in Fig. 6.6. In this environment, we assume endogenous induction of receiver
cells in a well-mixed liquid culture. Assuming that mRNA half-life is much shorter than
protein half-life, we can neglect the mRNA kinetics and model the system using signaling
molecules and proteins as the system’s state variables [69]. The state of the system is given
by

X = [R, G, I, A]T
The differential equations governing the time evolution of system’s state are
d [R]
dt
d [G]
dt
d[I]
dt
d[A]
dt

= ρR [RhlR]2 [A]2 − γr [R]

(6.3)

= f (R) − γG [G]

(6.4)

= αI − γI [I]

(6.5)

= αA [I] − γA [A]

(6.6)

where f (R) is a Hill function capturing the transcription factor binding to its cognate
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promoter.
f (R) =

αG



1+



[R]
kr

η

[R]
kr

η

(6.7)

The dynamics of the system is outlined in Fig. 6.2 at a high-level. We assume that the
amount of RhlR in the cell is high and effectively constant [10]. C4HSL diffuses into receiver
cells and is bound by RhlR. RhlR and C4HSL dimerize to form an active transcription
factor. In other words, two molecules of RhlR bind to two molecules of C4HSL, expressed
using the rate equation as
ρ

R
2[RhlR] + 2[A] −→
[R]

leading to the quadratic terms in Eq. 6.3. ρR is the rate at which RhlR binds to C4HSL,
and γR species the rate which the complex degrades [10]. The resulting transcription factor
complex binds the pRhl promoter and initiates GFP expression. αG is the maximum GFP
synthesis rate initiated from the bound transcription factor, kr is the RhlR/AHL activation
coefficient, η is the RhlR/C4HSL transcription factor cooperativity, and γG is the GFP
protein decay rate. Basal levels of GFP which indicate leakiness of the pRHL promoter are
difficult to discern using imaging with the CMOS camera used in our experimental work, so
those levels are assumed to be negligible.
In the case where C4HSL is endogenously produced and secreted by sender cells, RhlI
catalyzes the synthesis of C4HSL. αI , αA are the production rates of RhlI and C4 HSL
respectively and γI , and γA are the degradation rates of RhlI and C4 HSL.
For the solid-phase experiments, we also model the diffusion of autoinducer in two dimensions on semi-solid substrates in addition to the biochemical reactions. Assuming the
autoinducer diffuses through agar at a constant rate DA , its diffusive transport through the
medium can be described by
∂A(r, t)
= DA ∇2 A(r, t) − γA A(r, t)
∂t

(6.8)

We assume that the out-of-plane height of the agar substrate in the z direction is thin relative
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to its planar dimensions in the x and y directions, then Eq. (6.8) reduces in dimension to
∂A(x, y; t)
= DA
∂t

6.4.4



∂ 2 A(x, y; t) ∂ 2 A(x, y; t)
+
∂x2
∂y 2


− γA A(x, y; t)

(6.9)

Steady-State Solutions

At steady state

d
dt R(t)

= 0 and

d
dt G(t)

= 0. The R transcript and GFP formation for a

particular concentration of C4HSL is
ρR [RhlR]2 [A]2
γR
 η 

[R]
α
G
kr
1 
 η 
G(R) =
γG 1 + [R]
R(A) =

(6.10)

(6.11)

kr

6.4.5

Implementation

Liquid-Phase Simulations
To model the behavior of biosensors in liquid-phase, Eqs. 6.3-6.6 are numerically integrated
for the desired time span using a Runge-Kutta numerical solver with a step size of ∆t ≤
0.01 s. To solve for the behavior at steady-state, Eqs. 6.10-6.11 are solved directly.
Solid-Phase 2D Simulations
The simulation environment is defined by an area W × W , where W = 30 mm, the diameter
of the petri dish used in experiments. The simulation area is discretized into a grid with
spacing ∆x = ∆y = 0.02 mm. The contact area between the robot and the planar agar
substrate is approximated as an ellipse fixed at the center of the grid. The major and minor
axis of the ellipse corresponds to the robot’s length and width, respectively. The initial
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condition for the concentration distribution across the environment is

A(x, y, 0) = Ai ,

(x, y) ∈

x2 y 2
+ 2 ≤1
rx2
ry

(6.12)

A(x, y, 0) = 0,

(x, y) 6∈

x2 y 2
+ 2 ≤1
rx2
ry

(6.13)

where Ai is the initial concentration of C4 HSL loaded into the robot, rx is half of the robot’s
length, and ry is half of the robot’s width. The no flux boundary conditions are
∂A
∂t

x=±W/2
y=±W/2

=0

(6.14)

Eq. 6.9 is numerically approximated using the Forward-Time Central-Space (FTCS) finite
difference method for solving parabolic partial differential equations (PDEs). Starting from
the initial conditions defined by Eqs. 6.12-6.13, the solution is propagated forward in time
(t)

(t+1)

using the state Ax,y to compute the subsequent state Ax,y . As such, the position of
signaling molecules as they diffuse across the planar agar substrate is defined by

(t+1)

Ax,y

(t)

− Ax,y
= DA
∆t

(t)

(t)

(t)

Ax+1,y − 2Ax,y + Ax−1,y
(∆x)2

(t)

A(t+1)
x,y

=

A(t)
x,y

+ DA ∆t

(t)

(t)

+

(t)

(t)

Ax,y+1 − 2Ax,y + Ax,y−1

!

(∆y)2

(t)

Ax+1,y − 2Ax,y + Ax−1,y
(∆x)2

(t)

+

(t)

− γA A(t)
x,y

(t)

(6.15)
!

Ax,y+1 − 2Ax,y + Ax,y−1
(∆y)2

− γA ∆tA(t)
x,y
(6.16)
In order to ensure stability of solutions, the maximum time-step ∆t, is constrained by
the following
1
∆t =
2DA



(∆x∆y)2
(∆x)2 + (∆y)2


(6.17)

The solution to Eq. 6.16 is passed into Eqs. 6.3-6.6, which are integrated using finite
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difference approximations. This implementation is used to model the protein expression of
the fluorescent reporter in 2D.

6.5
6.5.1

Results
Timescales For Transporting and Readout of Sensor Payloads

Let TR be the time for a robot to execute a trajectory to predefined waypoints, TS be the
time for sender cells to produce a threshold or switching concentration of C4HSL, TRC be
the time for receivers to produce and mature GFP, and TD be the time for C4HSL to diffuse
from the robot. In this system, TR ∼ seconds, TS ∼ hours, TRC ∼ hours, and TD ∼ minutes.
Since TR is much less than any of the other timescales involved, we can eliminate the robot’s
timing for transport when analyzing the response of the cells.

6.5.2

Liquid-Phase Biosensor Transfer Functions

In order to benchmark the response of the pNDW2 receiver cell, experiments were performed
in liquid culture to measure the fluorescent reporter expression when the receivers are dosed
with the C4HSL signaling molecule. The receiver cells can switch from an “off” state to an
“on” state subject to induction with a threshold level of C4HSL which triggers fluorescent
protein expression. Fig. 6.6(a) shows the dose response curve or transfer function of the
receiver cells. We define the C4HSL activation threshold as the amount needed to produce
half the maximum amount of GFP. From Fig. 6.6(a), we see that cells exhibit a basal level
of fluorescence at very low C4HSL concentrations until they are dosed with 0.03 µM C4HSL
and are switched on. The dosage required for maximum fluorescence output is approximately
1 µM. Fig. 6.6(c) shows the corresponding dosage response curve in simulation as a result
of solving Eqs. 6.10-6.11. This model reasonably predicts the switching concentration, and
is the same order of magnitude as seen in our experimental results.
Fig. 6.6(b) shows the fluorescent reporter expression of pNDW2 receiver cells when
induced with 100 nM of C4HSL and incubated at two different temperatures. Overall, the
fluorescence increases approximately linearly with time until the cells achieve steady-state
maximum expression at 6 hours. Furthermore, higher incubation temperatures yield higher
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levels of fluorescent protein production indicating that 37◦ C conditions are more favorable
for readout. This is an especially important consideration when custom fluorescence imaging
equipment is used that may not be as sensitive as traditional plate readers and FACS sorters.
We define the activation time of this sensor as the time it takes to produce half the maximum
amount of reporter protein. This also corresponds to the time that we can reasonably begin
to see fluorescence using our imaging equipment. From Fig. 6.6(b), we can see that the
activation time of the receiver cells is approximately 2 hours. Fig. 6.6(d) shows the result
of integrating Eqs. 6.3-6.4. The model of the dynamic behavior of the receiver cells also
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Figure 6.6: Simulated and experimental liquid-phase behavior of E. coli harboring pNDW2 receiver
biosensor circuit. (a) Experimental and (c) simulated C4HSL dosage response at steady-state. (b)
Experimental and (d) simulated dynamic behavior of receiver cells subject to 100 nM dose of C4HSL.
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6.5.3

Liquid-Phase Chemical Actuator Dynamic Response

Fig. 6.7(a) shows the liquid-phase model behavior as a result of integrating Eqs. 6.5-6.6. In
practice, it is experimentally difficult to measure quantities of the RhlI protein and C4HSL
molecules that are produced by the sender cell chemical actuators. Typically, mass spectrometry is used for direct quantification [12]. However, future work may consider indirectly
characterizing C4HSL production from sender cells through indirect measurements. For example, the curve in Fig. 6.6(a) can be used as a reference to determine GFP production from
receivers induced by senders that have been grown to specific time intervals. Fig. 6.7(b)
shows the result of using the C4HSL produced by sender cells as the input signal to receiver
cell circuits. The activation time for receiver cells induced by sender cell produced C4HSL
is also approximately 2 hours.
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Figure 6.7: Simulated dynamic behavior of sender circuits and receiver circuits induced with C4HSL
manufactured by sender circuits. (a) Simulated liquid-phase behavior of E. coli harboring pNDW3
sender circuit which expresses RhlI (I) leading to synthesis of C4HSL (A). (b) Simulated behavior
of E. coli harboring pNDW2 receiver circuit when induced with C4HSL produced by sender cells in
(a).

6.6
6.6.1

Solid-Phase Dynamics
Local Signal Broadcast from Robot & Biosensor Processing

In order to demonstrate the successful broadcast and delivery of signaling molecules from
the robot to receiver cell biosensor populations, robots measuring 7.5 mm long and 3.75 mm

81

Figure 6.8: 2D diffusion gradients of C4HSL initially placed in an region matching ellipse-like profile
of the robot.

Figure 6.9: A stationary robot loaded with a chemical actuator broadcasts signals to receiver cell
biosensors in its local environment. The robot is infused with 100 µM C4HSL, which diffuses isotropically from its structure over time. Receiver cells confirm receipt of the signaling molecules by
producing GFP. The intensity of fluorescent expression corresponds to the diffusion gradient; Corresponding simulations are shown; Scale bar is 4 mm.

wide are infused with 100 µM of C4HSL and released onto an approximately uniform lawn
of receiver cells. Excess liquid is dried from the robot surface before release. Over the
course of several hours, the chemical payload diffuses isotropically from the robot. Fig. 6.8
shows simulated diffusion gradient profiles of C4HSL in 2D along an agar substrate. The
implementation of this simulation is described in the previous section.
Fig. 6.9 shows how this C4HSL diffusive delivery leads to spatially localized fluorescent
response from receiver cells. The fluorescence response is most intense in close proximity to
the robot’s surface and decays in intensity radially outward from the robot’s center. Fig.
6.10 shows these profiles of sensor readout at spatial locations through the center of the
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long axis of the robot. The measurements were taken using the experimental and simulated
image frames Fig. 6.9. These results indicate the spatial extent at which receiver cell sensors
can be activated subject to C4HSL cues. We define an activation range over which receiver
cell sensors can be reliably induced from a robot. This range is defined as the distance
at which the receiver cells express 25% of their maximum fluorescence. This threshold was
lowered from that used in liquid-phase experiments due to the lower sensitivity of the camera
imaging we used to measure fluorescence intensity in 2D experiments. Fig. 6.11 shows the
range at which receiver cells are activated over time subject to C4HSL diffusion. This range
increases over time due to C4HSL diffusion and the time needed for GFP expression and
maturation. The maximum range of signal delivery is approximately 5 mm from the robot’s
edge. Receiver cell sensors are activated beginning at 3 hours. However, this activation
cannot be deduced until 5 hours post delivery due to the sensitivity of the imaging equipment.
Since the bulk of the C4HSL payload diffuses out of the robot within 2 hours (Fig. 6.8),
and considering the sensors cross the 25% maximum fluoresence threshold at 3 hours, we
conclude that the minimum time a robot must spend in a location to activate a biosensor is
3 hours.

6.6.2

Local Signal Broadcast from Sender Cell Chemical Actuators

Chapter 4 validated these robots as a platform for cell culture and encapsulation. The robot
chassis is composed of a porous biological hydrogel called agar that is commonly used in
microbiological experiments. Agar is an ideal candidate material for small-scale robots intended for use with cells, tissues, and sub-cellular constructs (i.e., proteins, enzymes, or DNA
vectors). Furthermore, the micromolding manufacturing method used to create these robots
is compatible with naturally-derived materials since it does not require low-wavelength,
high-intensity photopolymerization or development with toxic solvents. Specialized surface
chemistry is not needed for robot functionalization. Instead, the robot’s porosity inherently
enables the encapsulation of chemical cargos or nutrient-rich media. These robots can support the growth, proliferation, and functions of living cells as previously shown [59]. Figure
6.12 shows an Environmental Scanning Electron Microscope (ESEM) image of E. coli cells
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Figure 6.10: Fluorescence intensity profiles of GFP modeled (a) and measured (b) along the major
axis of a robot. The region of zero fluorescence intensity corresponds to the position of the robot.
Fluorescence intensity increases over time and decays with increasing distance from the robot’s
perimeter.

proliferating on and within the robot’s surface (FEI Quanta 600 FEG Mark II).
Considering the robot as a platform on which cells thrive, sender cells are cultured on
the robot surface and subsequently deployed onto a planar substrate of receiver cells. Sender
cells continuously synthesize and secrete C4HSL to their local environment and function as
living chemical actuators. Delivering sender cells on-board the robot provides a constant
source of signaling molecules, instead of delivering a single dose. Figure 6.13a shows the
sender cell robot broadcasting to receiver cell biosensors as indicated by the localized fluorescence expression of receiver cells around the robot. Figure 6.13b shows that uninoculated
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Figure 6.11: The range of the receiver cell biosensor over time. The time course shows that models
and experiments are in reasonable agreement. In the experimental data, fluorescence intensity is
below the camera detection limit for the first 4 hours.

10 µm
Figure 6.12: Environmental scanning electron micrograph of E. coli cells on the surface of the robot.

robots cannot communicate with their cellular environments, and receiver cells do not fluoresce without delivery of signaling molecules. Assuming the receiver cell lawn in the local
environment and the sender cell population on-board the robot is fully matured and grown
for 12 hours prior to robot deployment, the receiver cell sensors demonstration maximum
GFP expression approximately 5 hours post-induction. The signaling from the robot to
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the local environment occurs within a shorter-range when compared with the delivery of
a chemical payload. Despite their source being continuous, the amount and concentration
of signaling molecules produced directly corresponds to the number of cells on-board the
robot. Thus, the signal delivered from a sender cell robot could be weaker when compared
to a purely chemical signal. The activation range of the receiver cells induced by sender cell
produced C4HSL is approximately 3 mm.

(a)

(b)

Figure 6.13: Chemical actuator sender cells which grow, produce, and secrete C4HSL on-board the
robot broadcast signals to biosensor receiver cells in the robot’s immediate vicinity; (a) Resulting
spatial biosensor activation pattern resulting from on-board sender cells signaling to nearby receiver
cells;(b) Uninoculated robots cannot broadcast signals to their surroundings; Scale bar is 4 mm.

6.7

Long-Range Signal Broadcast & Biosensor Processing

Delivering biochemical cues to receiver cells using natural diffusion alone results in signaling to regions of cells extending up to 3 mm in the case of sender cell generated signaling
molecules and 5 mm in the case of a robot doped with signaling molecules. In order to
demonstrate long-range signaling between a mobile robot and targeted populations of receiver cells, robots carrying sender cell and chemical payloads are transported over the length
of a standard cell culture tube. Fig. 6.14 shows the transport of a robot functionalized with
living sender cells. Robots are driven at approximately 1.2 mm/s within a methyl cellulose
swimming medium having a viscosity approximately 15 times greater than water. Cells remain viable during and after transport as previously shown [59]. After transport, the robot
is precisely positioned in direct contact with receiver cell population using magnetic field
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t=0s

t = 25 s

t = 60 s

Figure 6.14: Demonstration of cellular or chemical payload delivery to a targeted population of
receiver cells. The robot is operated in a tube filled with 2% methyl cellulose. The workspace is
illuminated with LEDs and their reflection can be seen along the sides of the tube. Scale bar is
10 mm.

gradients. Figure 6.15(a) shows the result of delivering sender cells to a targeted population of receiver cells. Receiver cells sense the presence of C4HSL produced by sender cells
on-board the robot and express GFP.
Additionally, robot-cell communication is demonstrated by transporting a signaling molecule
infused robot to a population of receiver cells. Figure 6.15(b) shows the pattern of gene expression that results from delivering C4HSL on-board the robot to receiver cells. This
pattern would not be achievable naturally through diffusion alone since the robot travels
approximately 70 mm to reach the target receiver cells.

6.8

Light-Activated Chemical Actuator

When designed for constituive expression, the sender strain is limited in that the production of molecules cannot be triggered. The cell is constaintly manufacturing the signaling
molecules. In order to achieve production at specific spatiotemporal locations within a particular experiment, we engineer an additional sender strain that executes light-activated gene
expression using the pDawn light-activated plasmid [102]. Fig. 6.16 shows the performance
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(a)

(b)

(c)

Figure 6.15: A mobile robot transports signaling molecules or living sender cells over long distances
to receiver cells. The resulting communication between the robot and the cells would not be possible
with natural diffusion alone; (a) After transport, a robot functionalized with sender cells communicates with receivers, which produce GFP in response to the sender cell chemical signals; (b) A robot
travels 70 mm to carry signaling molecules to receiver cells; (c) Shown for comparison, pNDW1 cells
constitutively express GFP; (d) Receiver cells do not express GFP unless signaling molecules are
delivered; Scale bar is 10 mm.

of the light activated construct in comparison to various positive and negative controls.
The results indicate that the phenotype of the pDawn-rhlI strain is as expected and it only
produces C4HSL in the presence of blue light. The slight fluorescence response we see in
receiver strains induced with media from pDawn-rhlI senders grown in the dark indicates the
high-sensitivity of this optogenetic construct to light. As previously reported, a conventional
white light source is sufficient to trigger a response and specialized high-intensity lamps and
lasers are unnecessary [102]. Thus, it is expected that there should be some leakiness based
on the long time course of experiments and potential exposure to white light sources during
sample transfer.

6.9

Considerations of Response Times in Biosensor Design

One of the primary considerations when designing biological components for microrobotic
systems is their response times. It is clear from the results of this chapter that many
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Figure 6.16: Light-activated chemical actuator performance assay. Fluorescence expression of cells
which constitutively express GFP (pNDW1), receivers (pNDW2) induced with 1 µM of C4HSL,
media from senders grown in blue light, media from senders grown in the dark, and 0 µM C4HSL.
ND: not detected.

biological processes operate over slow time frames relative to microrobot motion. The
timescales of biosensors and bioprocessing vary from several minutes to several hours depending on whether biological components are controlled via transcription, translation, or
post-translational processes [10, 135]. The work in this chapter leveraged transcriptional
control in genetic circuits, and several hours were necessary for protein maturation and ultimate readout of signal transduction. These characterized time-scales are several orders of
magnitude slower than the seconds needed for robot transport. Transcriptional regulation
is practical when the need for a readout is not immediate such as in scenarios such as diagnostic or environmental monitoring. However, measurement updates and sensor readouts in
near real-time could be possible by controlling responses post-translationally. For instance,
it has been shown that protein-protein ineractions are almost immediate and occur on the
order of milliseconds. Also, similar to transcriptional control, they can be mediated using
light-inducible optogenetic tools [70]. Cell-free synthetic biology has also been a rising trend,
and could potentially offer an improvement on time-scales for sensor readout since these protein expression occurs indpendent of intensive cellular machinery [56]. Alternatively, these
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results prompt further considerations for actuation of mobile microrobot systems and suggest that slower time-scales could be advantageous in certain scenarios for matching speeds
within biological feedback control loops.

6.10

Conclusion

This chapter makes contributions in the area of intelligent on-board processing and sensing
in microrobotics. We engineer biological logic-gate circuitry in specific strains of bacteria
that can be embedded on-board biocompatible robots. These constructs sense environmental
stimuli, report on the state of their environment, and deliver chemical signals or “messages”
to clusters of off-board cells. These components could be used for inter-robot communication
strategies and would enable biocompatible swarms to share information. We show progress
in this effort by showing communication between robots and specific populations of cells at
long distances relative to molecular diffusion. We further develop a mathematical model
that can be used to predict the activation timing and spatial range of these biosensors. This
work represents the first time that multiplexed signals (i.e., light and chemicals) can be
processed on-board microrobotic systems. Our micro-bio sensors and processors are highly
specific and are able to sense biologically relevant chemical signals which are difficult for
electronic sensors to detect. This particular subsystem represents a class of cellular robotic
wetware that can be used to create world-to-robot interfaces. Further, these biosensors can
also serve as chemical biofactories where biomolecules can be produced on-demand for use
in automated microbiological experiments or deliverable therapies to cells and tissues.
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Chapter 7

Systems Integration
In the preceding chapters, we have explored subsystems for actuation, sensing, and information processing along with fabrication methods to connect them. We have showed that
components derived from biology offer unprecedented functions for microrobot systems.
In this chapter, we show how these subsystems can form the architecture to form more
functional microrobots. Inspired by biological experiments which often involve the transport
and delivery of molecules or chemical cues to cells at specific spatiotemporal locations,
we present this integration in the framework of delivering morphogens to cell populations.
We propose that SMBRs equipped with biological sensors or actuators can autonomously
perform these experiments and can play a role in the feedback loop of cell-cell signaling
networks. As an alternative to traditional micromanipulators, SMBRs offer reconfigurability
and flexibility. Any sensors, processors, or actuators harbored in microorganisms such as
bacteria or yeast can be embedded onto the robot. Further, SMBRs provide a cost-effective
and renewable solution to expensive and bulky manipulators.

7.1

Introduction

In Chapter 4, we introduced soft micro bio robots, a biocompatible robotic platform composed of a soft hydrogel structure. Its biohospitable chassis can accommodate engineered
living sensors, communicators, and manufacturing units. Iron oxide nanoparticles also per-
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vade the robot’s structure allowing us to actuate and control it to target locations using
magnetism. In this chapter, we discuss the integration of the actuation (Chapter 4) and
sensing (Chapter 6) subsystems using the flexible, biocompatible 3D micromolding fabrication scheme developed in Chapter 5. We show this integration in the context of the
application of delivering cues to cells in order to synthesize desired behaviors in cell populations. This task has significance in studying tissue development and engineering synthetic
organoids. Inspired by this application, we design and demonstrate robots that can operate
along 2D cellular culture substrates within petri dishes. Further, we implement closed-loop
feedback control in order to control robot motion and trigger signal delivery from on-board
cellular processing units, which were designed in the previous chapter. We show how this
workflow could be used to generate desired behaviors in populations of cells that would not
be possible using diffusive chemical signals alone.

7.2

Electromagnetic and Optical Setup

In order to control robots in 2D, we fabricate a set of tri-axial nested Helmholtz coils using
considerations from [1]. They are orthogonally arranged, and have been designed such that
each pair produces the same magnitude of field in their shared central space. When a current
is applied to each pair, they generate a uniform field that is parallel to their central axis.
By wiring each coil pair in series, a current can be applied to independently power each set.
The specific properties of each coil pair is outlined in Table 7.1 and the system is shown in
Fig. 7.1.
Table 7.1: Properties of tri-axial nested Helmholtz coils

Coil Set
Inner
Middle
Outer

Radius
m
0.0457
0.0688
0.0919

Wraps
200
200
200

Resistance
Ω
3
5.6
7.8

Inductance
mH
10.29
18.69
28.12

We control SMBRs in two dimensions by varying the orientation of the rotating field,
while keeping its magnitude and frequency constant. The resulting currents input to each
coil pair are outlined in Eq. 7.3, where Ix , Iy , and Iz are the inputs to the outer, middle,
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Figure 7.1: Tri-axial nested Helmholtz coils used to generate uniform rotating fields to propel rolling
robots along planar surfaces. Using the inner and middle coils, we can generate a rotation about
the y-axis. Using the inner and outer coils, we can generate a rotation about the x-axis. Further,
the rotation axis can be shifted by an angle α in the x − y plane.

and inner coils, respectively. The direction of the field is dictated by α.

7.3

Ix = A cos (2πf t) cos α

(7.1)

Iy = A cos (2πf t) sin α

(7.2)

Iz = A sin (2πf t)

(7.3)

Rolling Soft Micro Bio Robots

In order to traverse 2D planar surfaces, the fabrication method outlined in Chapter 5 was
used to design rotationally symmetric robots which can roll (Fig. 7.2). The helical robots
previously considered are not suitable for this function for several reasons. The robot sinks
to the bottom surface of the tube. When placed in a rotating field, the robot will roll to one
side of the tube and then translate along the edge due to the interaction between the tube
and the robot. It is challenging to control pitch of the robot relative to the bottom surface of
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Figure 7.2: Soft micro robots which can travel across 2D planar surfaces via rolling (a) Spiked, or
lumpy spheres (b) Spheres and cylinders. Scale bar is 5 mm.

the container for two reasons. First, our robot is composed of iron oxide nanopowder which
inherently limits its magnetization. Secondly, it is difficult to generate a strong enough
gradient using our electromagnetic coils to lift our robot off of the bottom surface. Prior
work has addressed these issues by using a permanent magnet for the robot and/or using
rotating permanent magnets for the actuation [92]. Although this was not demonstrated, the
design in Fig. 7.2(a) was inspired by the application of burrowing into semi-solid materials
(i.e., tissues) for chemical delivery.
Iron oxide nanoparticles are assumed to be distributed homogeneously within the robot’s
structure. However, we align the particles before the hydrogel cures by applying a field using
the surface field from a permanent magnet. As illustrated by the schematic in Fig. 7.3(c),
its magnetic dipole moment M seeks to align itself with the applied field B, inducing a
torque on the robot’s body and leading to movement with linear velocity v. Fig. 7.3(a-b)
illustrates how the rotational axis of the field can be rotated by angle α to achieve motion
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Figure 7.3: Schematic of a cylindrical (a) and spherical (b) robot subject to magnetic torque from
a uniform rotating field.

off the axes of the primary directions.
Experiments were performed to confirm that each robot geometry can be reliably actuated using an applied magnetic torque in a fluidic environment. Fig. 7.4 shows transportation of the molded spike-ball SMBR via rolling across the bottom surface of a polystyrene
tube. Using a field frequency of 5 Hz, the robot moves with a translational velocity of
8.1 mm/s. As discussed in previous work, velocity can be tuned by changing the viscosity
of the fluid environment or changing the field frequency [59].

7.4

Closed-Loop Control

In previous chapters, robots were teleoperated. In order to control multiplexed signals from
spatial light illuminators and electromagnets, we use visual feedback to close-the-loop in our
control scheme. We control the direction of the velocity vector as outlined in Fig. 7.3. This
method has been successfully used in similar work [4]. The kinematics of our robots can be
approximated using a wheeled robot model [4]

ẋ = v cos α

(7.4)

ẏ = v sin α

(7.5)

α̇ = u

(7.6)
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t=0s

t=1s

t=2s

t=3s
Figure 7.4: Spiked-ball robots are propelled through a tube filled with 50% glycerol using magnetic
fields rotating at 5 Hz. The robot travels at 8.1 mm/s. The inset accurately shows the spherical
geometry of the spiked-ball robot. The roundness of the tube distorts the robot’s appearance. Scale
bar is 5 mm.

To steer the rolling SMBRs, our control input is

u = k(αd − αm )

(7.7)

where k is a proportional gain parameter, αd is the desired orientation taken from the
generated trajectory, and αm is the measured orientation. Since our robot is symmetric,
we use the difference between the last two tracked position coordinates to get a measure of
the current orientation. The end-to-end control pipeline begins with a set of user selected
waypoints. Images are processed using standard OpenCV library to determine the robot’s
position. The euclidean distance between the robot position and the waypoint is calculated.
A straight line trajectory is generated to the waypoint, and the desired orientation of the
velocity vector is computed. This is î as outlined in Fig. 7.3(a). Currents are commanded
to the coils according to Eqs. 7.3. The commanded currents cease once the robot is within
an acceptable tolerance of the waypoint. Then a mask is applied to illuminate the robot’s
footprint with blue light. This workflow is illustrated in Fig. 7.5. The system is controlled
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through C++ and Python using Robot Operating System (ROS).

System Architecture

visual feedback

Digital
Micromirror
Display
(DMD)

Controller
spatial light
patterning

DAQ
magnetic
field
generation
Power
Supplies

Helmholtz
Coils

48

Figure 7.5: System diagram for closed-loop control of SMBRs in two dimensions. The system relies
on visual feedback to control spatial light patterning of robots and the direction of the magnetic
field.

7.5

Extensions to Multi-Robot Systems

Biological signal generation, processing, and sensor readout has implications for coordinated
behaviors of biocompatible swarms of microrobots. Signal processing by individual SMBRs
can be used to coordinate the behavior of a group of multiple robots. In nature, taxis mechanisms resulting from optical, chemical, magnetic, or pH gradients lead to the coordination
of population dynamics in cells. While these subsystems were integrated for a single robot,
the results demonstrate significant promise for applicability to multi-microrobot systems.
Controlling multiple robots at small-scales is challenging because control inputs are usually
applied using global fields and it is difficult to individually address robots or for control
inputs to lead to independent motions. DeVon et al. demonstrated control of many robots
moving in the same direction but at different speeds [32]. Wong et al. showed control of
multiple magnetic robots by exploiting spatially varying gradients of the field [153]. Several
other demonstrations have relied on designing heterogeneity into the robots structure to
achieve simultaneous, but independent motions [91].
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Future work may consider some of these methods to control multiple soft micro bio
robots. For instance, we can impart heterogeneity into SMBRs through different iron oxide
formulations and varying concentrations in different regions of the robot. Using advances
made in functional materials, we could also design specific stimuli to cause different physical
changes in a single robot’s structure. We could envision a single robot made of multiple
domains which react, process, and respond differently to the local environment. Realizing synergistic behavior in swarms has implications for cooperative transport of objects,
multi-cellular coordination and control. Controlling multiple robots or cells within a given
population can allow for system self-organization and the opportunity to achieve tasks in
groups which would be unfeasible to achieve alone.

7.6

Conclusion

In this chapter, we show how our fabrication methods developed in Chapter 5 can be generalized to produce robots of different geometries. We also show actuation via rolling motion
across 2D planar substrates that are relevant for biological applications such as delivering
morphogens to cell populations. Further, we leverage closed-loop visual feedback to control
rolling robots to target locations, and show how spatial light patterning can be used to
trigger responses of biological circuits on-board SMBRs.

98

Chapter 8

Applications to Medical Devices:
Biofilm Remediation and Ablation
Small-scale robots have significant potential to revolutionize a myriad of tasks in medicine
including less invasive therapeutic and diagnostic procedures and will enable completely
new medical devices and treatments [98]. The soft micro bio robots introduced in Chapter 4
have already had practical impact as a platform technology to eradicate resilient biofilm
infections and to ablate tissue clogs.
In this chapter, we use iron oxide nanoparticles reconfigured into shape-specific 3D
molded robots to actively kill, degrade, and remove biofilms on infected surfaces with nonzero
curvature or within inaccessible crevices (e.g., tubes or root canals). In this chapter, we develop a special version of soft micro bio robots referred to as “catalytic antimicrobial robots”
(CARs). Using vane-shaped CARs, we remove biofilms from the curved walls of cylindrical
tubes, and using helicoid-shaped CARs, we ablate biofilm clogs while simultaneously killing
the associated bacteria. Further, we demonstrate the application of CARs to target infections on relevant anatomical features including root canals of human teeth. It is important
to note that the CARs only display antimicrobial properties in the presence of hydrogen peroxide solution. In the absence of hydrogen peroxide, they remain biohospitable as described
in Chapter 4.
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The research in this chapter was originally published in [63] and was performed in collaboration with Penn Dental Medicine.

8.1

Biofilm Background

Biofilms commonly grow on biotic and abiotic surfaces such as catheters and implants, as well
as teeth and mucous membranes [77]. Additionally, biofilms have damaging environmental
effects as they commonly form along water lines, valves, and pipes. Persistent biofilm
formation and growth leads to infections, medical complications, and deterioration and
clogging within critical infrastructure. They are resilient structures which house bacterial
cells within a protective matrix of extracellular polymeric substances (EPS) [40].
Existing solutions to treat biofilm infections are largely inadequate because they fail to
both kill the bacterial cells and remove the EPS matrix [82]. For instance, antibacterial
drugs are commonly used to treat biofilm infections. Demonstrations of this treatment have
included attaching antibiotics to nanoparticles which can penetrate biofilm surfaces using
magnetic fields. However, this treatment only provides temporary relief since it does not
eliminate all bacterial cells and it does not attack the EPS matrix. Alternative treatments
also include applying high-frequency alternating magnetic fields in order to thermally disrupt
the film. When these approaches fail, the usual course of treatment is to replace the biofilminfected surface with a new part or device since the biofilm can readily reestablish itself.
Thus, there exists a need for a new approach to biofilm eradication which both targets the
bacterial cells and surrounding EPS matrix to both kill and remove the biofilm structure.
In this work, we extend the use of soft micro bio robots which were introduced in Chapter 4 to catalytic antimicrobial robots, or CARs, which deliberately drive along specific paths
to precisely and controllably tear down and scrub away biofilms composed of Streptococcus
mutans. Development of CARs has relied on the synergistic combination of component
technologies that have emerged from the fields of nanomedicine and small-scale robotics. In
particular, CARs utilize both the chemical and mechanical functions of iron oxide nanoparticles (IONPs) in order to controllably remove biofilms from surfaces and kill the embedded
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bacteria. In addition to utilizing magnetic actuation to physically remove biofilms, the
IONPs have intrinsic enzyme-like (i.e., peroxidase) properties [44]. The NPs catalyze hydrogen peroxide to generate reactive antibiofilm molecules [43].

Figure 8.1: Catalytic and magnetic iron oxide nanoparticles (NPs) as building blocks for smallscale robots designed for biofilm killing and removal. (a) Diagram illustrating the challenges of
biofilm removal due to an EPS matrix that provides protection against antimicrobials and mechanical
stability [77]. (b) Diagram depicting the magnetic-catalytic NPs and their bacterial killing and EPS
degradation mechanisms via reactive free radicals generated from hydrogen peroxide (H2O2) via
peroxidase-like activity. The EPS degrading activity is enhanced by addition of mutanase/dextranase
to digest extracellular glucans. (c) Catalytic-magnetic NPs are embedded into gels to form 3D
molded CARs having specialized vane and helicoid structures. 3D molded CARs are designed to
remove clogs and biofilms in confined and inaccessible locations.

8.2

Iron Oxide Nanoparticles Background

Both the chemical and mechanical properties of IONPs have been extensively studied for
a diverse range of applications in medicine, biotechnology, and robotics. Specifically, they
have been used for imaging deep tissues, separating biological materials, carrying drugs,
cleansing surfaces, and actuating small-scale structures.
Previous work in medicine and biotechnology has elucidated IONPs as promising components in theranostic systems due to their biocompatibility, low cost, and ease of chemical
modification, surface functionalization, and magnetic properties [83]. These attributes have
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primarily been leveraged to increase the efficacy and precision of medical procedures (e.g.,
magnetic resonance imaging) and therapies to destroy harmful cells [83]. For example,
IONPs have been used to treat both malignant mammalian cells and infectious bacterial
biofilms. IONPs can be functionalized with antibodies [146], aptamers [9], peptides [141],
and small molecules [136] to target specific tumors and carry drug payloads. Using magnetic fields, IONPs localized to the malignant tissue can be activated to induce local heating
(hyperthermia) [9, 23, 146] and to release cargo molecules [23, 136] which destroy cancerous
cells. Concurrent work has revealed that IONPs can be used for treatments of biofilms
on infected surfaces. IONPs in suspension [43], embedded along with antibiotics within
the biofilm surface [3, 46], and contained within specialized anti-fouling surfaces [144] have
shown significant promise as anti-biofilm agents.
In parallel, IONPs have been established as integral components for building small-scale
robotic architectures. A variety of actuation strategies for millimeter and micrometer scale
robots have been proposed which include payloads propelled by swimming microorganisms,
chemical energy, optical traps, acoustic waves, and magnetic fields [24, 85, 123]. Locomotion modalities which employ magnetism are particularly attractive for robots operating in
biological environments in order to perform tasks related to diagnostic monitoring, targeted
therapy, minimally invasive surgery, and cell manipulation [123]. Magnetic actuation is not
only harmless to living tissue, but it is also highly selective and is appropriate when the
workspace has an occluded field-of-view. This actuation mode has shown particular promise
in delivering drugs to desired locations. For example, bio-hybrid drug delivery vehicles consisting of magnetotactic bacteria attached to drug-loaded carriers can be steered to biofilm
surfaces or tumors for subsequent release of cytotoxic molecules [39, 127]. In addition to
pulling objects with magnetic field gradients, rotating magnetic fields have been used to drive
helical or screw-shaped small-scale robots through fluids [2]. The design of this robot makes
it uniquely suited to drill through soft tissues, gels, and blood clots in order to eliminate
harmful blockages or to access interior spaces [64, 74].
Many small-scale robot designs utilize IONPs as the actuation component by themselves
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as a robotic nanoparticle swarm [157] or within a composite structure. For example, IONPs
have been embedded in rigid, synthetic materials such as SU8 photoresist and cured into
place using standard photolithography [117] or 3D microprinting via two-photon polymerization [107]. Recently, IONPs have shown significant promise as the actuation elements for
soft robots made from natural gels [59] or synthetic polymers which allow reconfiguration
or deformation under applied magnetic fields [57].
By leveraging IONPs, in the presence of hydrogen peroxide, as both the catalytic (cellkilling) and mechanical (cell-removing) components in a small-scale robot, we introduce
an approach which complements previous studies across multiple disciplines to eradicate
harmful biological structures.

8.3
8.3.1

Materials & Methods
Design of 3D molded CARs

Robots were designed and fabricated using the 3D micromolding technique described in
Chapter 4 and Chapter 5. This process enabled direct fabrication of custom, shape-specific
millimeter-scale robots which were composed of agar gel (Difco, BD Biosciences, Sparks, MD,
USA) embedded with NPs. Briefly, two-piece negative molds were designed in SolidWorks
and 3D printed using a Projet 6000HD stereolithography printer. Two different robot shapes
(helicoids and vanes) were designed for operation in cylindrical tubes. Agar gel was heated
above 80◦ C, was vigorously mixed with NPs, and was poured into the mold. The resulting
robot profiles solidified at room temperature. Both vanes and helicoids measure 5 mm in
diameter and 10 mm long. The final robot composition is 3% (w/v) agar and 10% (w/v)
NPs. The smallest robots used in the tooth included 25% glycerol to reduce drying and
warping prior to mold extraction. Robots were manually removed from the molds and premagnetized along their short axis with a neodymium iron boron (NdFeB) magnet. For
the results presented in this work, CAR sizes are selected for given application spaces,
including biofilm-coated tubes (7 mm diameter), or internal architecture of the tooth (canal:
1.5-1.8 mm diameter).
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Figure 5. Platform 2: Small scale CARs with functional shapes for specific biofilm
disruption
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with the rotating field B. (c) Vane CARs clean biofilms on curved surfaces of glass tubes. (c1)
Vane CARs sweep tube walls and generate a pile of debris behind them. The integrated fluorescence
intensity from the biofilm debris increases with time behind the advancing robot. (d) Helicoid CARs
drill and clean biofilm clogs at various locations within glass tubes. (d1) Helicoid CARs drill through
the biomass clog. (Left) Accumulated biomass behind the helicoid CAR as it moves forward through
the tube increases with time. The robot overcomes the biofilm mechanical resistance associated with
the conical shape of the biofilm (for t < 30 s for outer biomass removal and t > 60 s with additional
force to penetrate the conical portion for the inner biomass removal). (d2) Helicoid CARs also drill
and restore biofilm-occluded paths. Fluorescent images show the biofilm removal efficacy of vane-like
(c1) and helicoid (d1/d2) robots: green color indicates S. mutans biofilms or clogs.
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8.3.2

Actuation and Control of 3D molded CARs

Robots were actuated using uniform, rotating magnetic fields as described in Chapter 4. In
this chapter’s experiments, magnetic fields rotating at 2 or 4 Hz were applied, and robots
were operated at the center of the workspace where fields were approximately uniform and
measure 3.4 mT (Extech Instruments, MF100, Boston, MA, USA). In addition, a magnetic
field gradient was applied using a permanent magnet to drive forward the vane CARs or to
provide additional strength for the helicoid CARs to drill through the biomass clog. Robots
executed pre-programmed trajectories within a glass tube measuring 600 mm long and 7 mm
in diameter. Experiments were recorded at 10 fps using a Point Grey Flea3 Monochrome
camera mounted adjacent to the outer coils such that the entire length of the tube is in the
field of view. In order to determine the robot’s position and velocity, videos were processed
using standard OpenCV libraries.

8.3.3

Biofilm Removal by 3D molded CARs

Pasteur Pipets (Pyrex Borosilicate Glass, VWR International, PA, USA) were cut to have
specific dimensions: 1) 450 mm length and 7 mm diameter with open end (Type I); 2)
550 mm length with closed conical end (Type II). Then, each customized Pasteur Pipet was
sterilized by autoclaving, and inoculated with approximately 2×105 CFU of S. mutans per
ml in UFTYE containing 1% (w/v) sucrose at 37◦ C with 5% CO2 . In order to form a biofilm
which coats the walls of the tube, 2 mL of the inoculated culture medium was added to Type
I tube. Biofilms were cultured for 42 h and the culture medium was changed at 19 h and
29 h. Alternatively, 200 µL of the inoculated culture medium was added to Type II tube to
form biofilm clogs at the end of the conical portion of the tube.
Additionally, biofilms were prepared to mimic clogs in the center of the tube. To achieve
this, pre-formed biofilms that were cultured for 42 h on MaTek dishes were harvested and
transferred to the open end of the Type I tube using a spatula to create a biofilm clog.
Then, the occluded end of the tube was connected with transparent Tygon tubing (6.4 mm
ID, 9.5 mm OD) (AAA00017, Cole-Parmer, Chicago, IL, USA). The biofilm was labeled
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with green fluorescent protein (SYTO 9) for visualization and quantification purposes. Helicoid and vane robots were driven along pre-programmed trajectories to clear biofilms from
the inner tube wall surface and to ablate biofilm clogs. Illumination of the experimental
workspace was performed using blue excitation LEDs (470 nm) along with an amber acrylic
emission filter (McMaster-Carr), which enabled fluorescence imaging of biofilms. Image
frames were processed to determine the amount of biomass removed by the robot. Biofilm
relative accumulation was determined by integrating the green channel value in the pixels
of an increasingly rectangular area formed as the robot advances through the tubing. This
was done using custom libraries for image analysis in Python (skimage, PIL).

8.3.4

Application of 3D molded CARs in human tooth model

To illustrate the practical application of CARs, we demonstrate the potential use of CARs
to access the interior of a human tooth using discarded extracted teeth. We prepared the
longitudinal section for root canal. To prepare the specimens, the crowns of single root
teeth were removed at the cemento-enamel junction using a 0.6 mm precision diamond saw
(Isomet 5000; Buehler Ltd, Lake Bluff, IL) at 1000 rpm under water-cooling. Canals were
enlarged using XP-Endo 3D Shaper (Brasseler USA, Savannah, GA) at 1000 RPM followed
by Endosequence files size #40, #50,#60 (Brasseler USA, Savannah, GA). We then prepared
root vertical sections by vertically sectioning the root segments using a 0.6 mm precision
diamond saw (Isomet 5000; Buehler Ltd, Lake Bluff, IL) at 1000 RPM under water-cooling.
The canal space was then enlarged with Gates Glidden drill #6 (Tulsa Dentsply, Tulsa, OK)
at 300 RPM under water-cooling to produce a canal space diameter of ∼1.5 mm. Sections
were then treated with 6% NaOCl followed by 17% Ethylenediaminetetraacetic acid solution
(Vista Dental Products USA, Racine, WI) in an ultrasonic bath for 10 minutes each, followed
by a 10 minute bath sonication in sterile water to remove the residual effect of the chemicals.
Specimens were then sterilized in an autoclave for 20 minutes at 121◦ C. To demonstrate
movement of the CARs inside the vertical canal sample, miniaturized 3D molded helicoidal
CARs were prepared using 1 mm molds. Since agar is a water-based hydrogel, it dehydrated
in ambient conditions prior to experiments resulting in a slightly smaller size of ∼700 µm ×
106

1.5 mm, which is consistent with the methods described in Chapter 4 and Chapter 5. The
specimen was placed horizontally in 3 mL of water in Matek dish and the robot was placed
inside the canal, a cover glass was placed on top of the specimen to create a seal. The robot
was driven using uniform, rotating magnetic fields which are generated using two pairs of
nested Helmholtz coils as described Chapter 4.

8.4

Biofilm Removal Results

Biofilms often form in inaccessible locations featuring confining geometries (e.g., catheters or
water lines) and are challenging to eradicate, creating clogs that cause infection or block fluid
flow. To address this need, NPs are embedded in soft, water-based agar hydrogels to form
magnetically-driven 3D molded CARs to perform specific tasks such as to dislodge biofilms
from the walls of cylindrical tubes or to drill biofilm clogs (Fig. 8.1). As in Chapter 4,
we exploit a facile, single-step molding technique to fabricate customized 3D small-scale
magnetic robots. This method allows incorporation of functional additives and materials
without additional fabrication steps like those required in conventional 3D printing at concentrations that would interfere with processes that rely on UV activated cross linkers. We
incorporated NPs at high concentration (10% w/v) by filling millimeter-scale 3D-printed
molds with a thermo-reversible gelifying agar polymer. We formed two shapes (Fig. 8.2a),
including double helicoid CARs, formed from two helices wrapped around a central axis and
vane-like CARs with fin-like structures around a central core. The first shape was inspired
by the propulsion efficacy of helical propellers that can penetrate physical barriers [87], while
the latter shape was motivated by the success of vane-shaped tools at disrupting biofilms
[62].
By applying a magnetic torque, helical robots can be driven to drill through soft tissues,
gels, and blood clots in order to eliminate harmful blockages or to access interior spaces [74].
Both robots are magnetized along their short axis (Fig. 8.2b1); this process relies on the NP
remanant magnetization and the associated magnetic dipoles to achieve controlled rotation.
As the magnetic field rotates, the robots realign with the magnetic field direction. The
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rotation of the vane CARs allows them to generate localized fluid shear stress and to scrub
the walls of the tube [62]. Their translation relies on a magnetic field gradient along the axis,
established by placing a permanent magnet at the end of the tube. The tube was filled with
H2O2/enzyme solution and incubated at room temperature for at least 5 minutes. Since the
agar hydrogel used to form the 3D molded CARs is permeable to H2O2, the reagent and
NP catalyst react within the robot form the cytotoxic products (Fig. 8.3). As the rotating
vane CAR is pulled through the tube, it makes direct physical contact with the biofilm and
generates frictional and fluid shear stresses as it moves along the tube [62]. By combined
catalytic action and mechanical displacement, the rotating vane CAR driven into the tube
can efficiently scrape and displace the degraded biofilm from walls, which forms a pile of
debris (Fig. 8.2c1) that can be cleared by flushing the tubing with water.
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As outlined in Chapter 4, the chiral geometry of the helicoid CAR enables forward motion
from the applied magnetic torque with a velocity proportional to the magnitude of the field
and the rotation frequency [2] (Fig. 8.4a). The helicoid CAR is propelled in a corkscrew-like
fashion at an average velocity of 5 mm/s in the H2O2/enzyme solution. This motion makes
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the helicoid CAR (Fig. 8.2a) suitable for drilling through biofilm occlusions and clearing
biofilm clogs (Fig. 8.2d/d1). To demonstrate this concept, we formed biofilms at the end of
conical tubing to mimic clogging-plaque. Upon application of the rotating magnetic field,
the helicoid CAR approached the clog, drilled through it, leaving a pile of biomass debris
behind similar to a drill bit action (Fig. 8.2d1; Fig. 8.4b)). The amount of removed biomass
debris was plotted against various frequencies in Fig. 8.4c, showing incremental increase of
biomass debris with frequency. In addition, we demonstrated the ability of the helicoid CAR
to remove occlusions and restore paths in biofilm-clogged tubes (Fig. 8.2d2).
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Figure
S9. Characterization
of response
of helicoid-robot
to various
conditions.
speed
of helicoid
CARs vs magnetic
field frequency
(Hz). Chapter
4 provides
thorough(a)
explanations.
Translational
speed
of helicoid
CARscontact
vs magnetic
frequency
(Hz). The translational
(b) Helicoid
CARs
approach
and make
with field
biofilm
clog. Automated
tracking data reveals
of helicoid
CARs
increasing
fieldand
frequency
up to aslows
cut-offduring
frequency,
thatvelocity
the robot
approaches
theincreases
clog withwith
constant
velocity
significantly
drilling, as
afterafter
which
the translational
(b) vs
Helicoid
CARsAmount of
occurs
approximately
2.5 velocity
s in thisdecreases
example.non-deterministically.
(c) Removed biomass
frequency.
approach
andclog
makeis contact
with biofilm
clog. Automated tracking data reveals that the robot
removed
biofilm
proportional
to frequency.
approaches the clog with constant velocity and significantly slows during drilling, as occurs
after approximately 2.5s in this example. (c) Removed biomass vs frequency. Amount of
removed
biofilm
clog
to frequency.
To
confirm
that
theis proportional
biofilm eradication
is due to the synergistic effects between the

catalytic and magnetic properties of NPs, we have performed control experiments with the
molded helicoid CAR without catalytic activation (Fig. 8.5). Established biofilms present
high physical resistance, making them difficult to mechanically disrupt them without the
EPS degradation. Under identical conditions, the helicoid CAR without catalysis fails to
remove the clog although biofilm disruption was observed as the robot cut through parts of
the biomass from drilling. However, the bacteria cells released from physical drilling and
those within the remaining biofilm clog, remained viable. In contrast, CAR with catalytic
activation completely removed the biofilm clog and killed all bacteria, further underscoring
the need for the degradation reaction as well as the robotic motion. It is noteworthy that
mechanical disruption without bacteria killing could be detrimental in some settings, as
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live bacteria would be released, increasing the risk of re-colonization and reinstatement of
biofilms. These results demonstrate that catalytic NPs laden robots with designed geometries can be propelled using magnetic torques to dismantle biofilms occluding tubes or on
bounding surfaces, and simultaneously kill the dislodged bacterial cells.

Fig. S10. Assessment of biofilm removal using 3D molded CARs with and without catalytic
activity. (a) Limited
biofilm clog
removal
in the 3D
absence
of catalytic
activity
(left)
andwithout
complete catalytic acFigure 8.5: Assessment
of biofilm
removal
using
molded
CARs
with
and
removal in
presence
of catalytic
activity (right)
using helicoid
(b) Viability
tivity. (a) Inbiofilm
the absence
ofthe
H2O2
inducing
catalytic
activity,
there isCARs.
limited
biofilmof clog removal,
fromof
removed/remained
in the absence/presence
of catalytic
High of bacteria from
while in the bacteria
presence
H2O2, there biofilm
is complete
biofilm removal.
(b)activity.
Viability
numbers
of
viable
bacteria
were
detected
in
both
removed
and
remained
biofilm
without
removed/remained biofilm in the absence/presence of catalytic activity. Without the addition of
catalytic activation. Conversely, no viable bacteria were detected using helicoid CAR with
H2O2 to the media, viable bacteria were detected in the removed and remaining biofilm. However,
catalytic activity.
when operating in the presence of H2O2, no viable bacteria were detected.

We envision using CARs for effective treatment of biofilms on biotic and abiotic surfaces,
a major unresolved problem that spans over several scientific fields (dentistry, medicine, engineering) causing infectious diseases and biofouling in medical devices. In order to illustrate
practical applications, we demonstrate the potential use of CARs to access the interior of
human teeth. For 3D molded CARs, we show actuation of a miniaturized 3D molded CAR
through the canal of the tooth, another common location of dental biofilm formation (Fig.
8.6a-b). Together, these examples illustrate feasibility and potential applications of controlled movement and specialized shapes to access, move and target harmful biofilms.

8.5

Conclusion

In this chapter, 3D molded CARs with specialized shapes are designed to remove biofilms
from difficult-to-access spaces. Specifically, vane-shaped CARs remove biofilms from enclosed curved walls, and helicoid-shaped CARs drill through biofilm clogs. Finally, we
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demonstrate a practical application of CARs to target the interior of the human teeth, accessing and removing biofilms in the root canal. This hybrid magnetic-catalytic approach
further advances previous iron oxide nanoparticle-based modalities that solely exploit their
magnetic properties [83, 98, 122]. These modalities include magnetic actuation to induce
hyperthermia for enhanced cell killing [9, 23, 146], to deliver antimicrobial drugs loaded
into ferromagnetic NPs [23, 46, 136] or to cause topographical disturbances of ferrofluidcoated surfaces for disruption of algae accumulation [144]. Using 3D molded CARs, complete biofilm elimination can be achieved. Future work will focus on mechanistic studies to
remove biofilms on different surfaces and surface geometries. This work also has potential
impacts for systems and procedures beyond biofilm remediation. For example, soft micro bio
robots could also be deployed in diagnostics to retrieve microbial samples of compositional
analyses, detection and treatment of cancer [158], anti-coagulant therapeutic delivery and
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clot drilling [73], or delivery therapeutic nanoparticles in high amounts to targeted areas.
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Chapter 9

Control of Multiple Magnetic
Microrobots
At the microscale, multirobot system development has been limited due to challenges in
discrete operation of several robots in a confined space. As reviewed in Chapter 2, it is
common to simultaneously power and actuate multiple robots within the same workspace,
but individually addressing and controlling agents to achieve independent motion is still one
of the grand challenges in the development of microrobotic swarms. Typically, microrobots
are controlled through global input signals, where all robots are affected simultaneously. A
compelling approach to achieve independent control of magnetically actuated microrobots
is to use locally applied fields.
In this chapter, we demonstrate the use of multiple diamagnetically levitated robots for
delivering biochemicals dissolved in liquid in a manner compatible with light microscopy.
Specifically, we show loading, transport, and diffusive release of fluorescent molecules in
hydrogels with microscale precision, as well as induction of synthetically engineered bacterial
cells with signaling molecules. This platform holds potential for impact and utility in fields
such as developmental biology, tissue engineering and synthetic biology in which targeted
delivery of biochemical cues to particular cells or tissues is important.
The research in this chapter was originally published in [61].
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9.1

Multi-Robot Systems for Microbiology

Multicellular biological systems have developed an array of techniques for the transport of
dissolved molecules essential to growth, development and communication. Engineering fluidic delivery systems which similarly interface with cells and tissues is an ongoing challenge.
Existing automated systems enabling fluid delivery for research and diagnostic applications
include automated pipetting robots for microliter-scale loading and dispensing or microfluidic designs for sub-microliter delivery volumes. While commercially available large-scale
pipetting robots offer advantages such as flexible programming, high-throughput, and fast
operation, they are bulky and inappropriate for real-time imaging and control at the microscale. These systems manipulate individual cultures of cells located within storage plates
typically having 96-wells where each well contains an individual experiment. Microliters of
biochemical cues (e.g., growth factors, nutrients, signaling molecules, or morphogens) can be
dispensed into each well. However, large scale pipetting robots are not capable of targeting
individual or small groups of cells using microscale imaging and positioning. On the other
hand, microfluidic systems are compact and offer excellent imaging capabilities, yet can be
restrictive for cellular cultures particularly when access or discrete molecular gradients are
required.
There is a subset of applications which benefit from discrete delivery of picoliter to nanoliter fluid volumes without the physical restrictions of enclosed chip-style microfluidics. One
such application is the local delivery of signaling molecules which influence the state of small
groups of cells or even individual cells. Examples of such molecules in bacterial cells include
inducers such as homoserine lactones which are required for intercellular communication and
quorum sensing, or morphogens in developmental biology [10, 69, 138]. For such cases, programmed delivery of molecules by teams of small scale robots would enable new capacities
for biological studies.
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Figure 9.1: Schematic overview of microrobotic fluid handling system for use in microbiological
experiments. Four fully programmable robots can be driven independently to load, transport and
release biochemical payloads with microscale precision.

9.1.1

Nanoliter Fluid Handling using DiaMagnetic Micro Manipulator
(DM3) Systems

Magnetism is a widely investigated actuation modality for small scale robots and there
have been several approaches for controlling multiple robots independently in the same
workspace [26, 35, 68, 73, 119, 159]. Specialized electronic substrates have been established
as a promising method to control multiple magnetic microrobots on surfaces. Electric current
through the circuitry generates local magnetic fields which can be programmed to control
robot position [132]. Rather than linear traces, microcoils may also be printed on a circuit
board to control multiple magnetic microrobots [27]. Pelrine et al. [105] have demonstrated
the use of multiple diamagnetically levitated millimeter-scale robots to perform industrial
applications. This platform, known as the MicroFactory, is capable of driving robots at
high velocity as well as precisely and stably positioning end effectors with sub-micrometer
precision [53]. More broadly, it is part of a class of systems known as DiaMagnetic Micro
Manipulators (DM3s).
The MicroFactory system builds upon previous work on diamagnetically levitated robots
driven by magnetic forces generated by current traces in underlying printed circuit boards
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(PCBs) [53, 54, 105]. It is capable of carrying loads of a few milligrams, but there are design
constraints such as limits on payload size and weight and the inability to make electrical
connections. These considerations complicate the ability to create actively pumped systems
with associated electronics. As such, we chose to use passive techniques for loading and
delivery of fluids and soluble molecules by directly attaching a borosilicate glass micropipette
to the levitating robot (Fig. 9.1). Passive loading has been demonstrated with great success
in microfluidic devices [142]. This technique takes advantage of the dominance of forces due
to surface tension at small scales. For capillary tubes and micropipettes, this means that
fluids can be loaded relying only on Laplace pressure [147]. For delivery of molecules we rely
on another passive technique. We steer the pipette tip to the target and rely on diffusion
for the delivery and release of the payload. This technique is common in microbiology for
chemotaxis assays [95] and replicates intercellular delivery systems, which often rely on close
proximity and diffusion between cells. The pipette aperture, molecular concentration as well
as dwell time can be chosen to control the transfer of molecular species.
In this chapter, we demonstrate nanoliter fluid loading, transport and release at small
scales using diamagnetically levitated robots and control systems. We show sub-micron
placement of micropipettes and patterning of fluorescent molecules on hydrogel surfaces.
Finally, we demonstrate micrometer-scale biochemical induction of engineered bacterial cells
via transport of signaling molecules.

9.2
9.2.1

System Description
Diamagnetic Levitation and Robot Theory

The robots described in this work consist of alternating north-south checkerboard arrays
(3 × 3) of NdFeB magnets (N52M, size 1.4 mm × 1.4 mm) as illustrated in Fig. 9.2a. These
magnetic arrays are passively levitated by the diamagnetic force generated by the interaction
between the magnetic field generated by the magnet (Bmagnet ) and the underlying graphite:

Fdia =


χV  ~
~ magnet
∇ Bmagnet · B
2µ0
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(9.1)
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Figure 9.2: Diagram and schematic of diamagnetically levitated robot MicroFactory system [53, 105].
(a) Robots consist of checkerboard arrays of square magnets. Magnetic fields emanate from the
array to create a diamagnetic force on the magnet. (b) Diagram of PCB with patterned serpentine
magnetic traces that are pitch matched to the magnetic array. (c) Drive currents for each serpentine
trace or layer used for levitation. Motion pattern is periodic with pitch of magnetic traces. Two
pairs of traces are driven in quadrature to provide analog motion.
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Fdia is the upward force on the robot, χ is the magnetic susceptibility of the graphite, B
is the magnetic field generated by the permanent magnet, V is the volume, and µ0 is the
vacuum permeability. These arrays are then driven around in the X, Y, and Z directions
through serpentine electrical traces patterned within a PCB (Fig. 9.2b), which occupies
a 24 mm × 24 mm square pattern. There are two sets of serpentine traces: two for the xdirection and two for the y-direction. The traces are spaced by ∆x0 = ∆y0 = 0.5 mm.
Assuming the magnet is near the center of this square pattern, one can approximate the
serpentine pattern assuming the magnetic field generated from sums of infinite wires [49].

B=

N
X
n=−N
N
X

B~xwire (x, y − n∆y0 , z1 , I1 ) (−1)n +
B~xwire

n=−N
N
X

(9.2)
B~ywire (x

n=−N
N
X
n=−N

~ wire =
Where, B
~
I

~ I×~
~ r
µ0 |I|
~ r| ,
2πr |I×~



∆y0
, z2 , I2 (−1)n +
x, y − n∆y0 +
2

B~ywire

n

− n∆x0 , y − n∆y0 , z3 , I3 ) (−1) +



∆x0
, y, z4 , I4 (−1)n
x − n∆x0 +
2

and I~ denotes the direction of the current flow, µ0 is the vacuum

permeability, ~r is the radial distance from the point of observation to the center of the wire,
n is the index over the summation of wires, and 2N is the number of wires that fit into
a square pattern. The subscripts 1-4 refer to the individual layers of the PCB. As shown
in Fig. 9.2b, there are four individual layers within the PCB, which are subcategorized in
terms of their orientation along the x- or y- direction. The forces due to the generated
magnetic fields of the pattern are presented in Eq. 9.3-9.6 [49].


~
F~ = ∇ µ
~B · B
Fx = |mb |

∂
BZ (x, y, z)
∂x
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(9.3)

(9.4)

Fy = |mb |

∂
BZ (x, y, z)
∂y

(9.5)

Fz = |mb |

∂
BZ (x, y, z)
∂z

(9.6)

BZ is the z component of the magnetic field generated by the underlying PCB trace currents,
and each magnet of the robot has a magnetization vector, µ
~ B = (0, 0, mB ), where mB is the
strength of the magnetic dipole of an individual element of the array. The levitation height
of the robot is determined by the balance between both the weight of the robot (Fgrav )
and the attractive force generated by the underlying PCB (FZ ) with the diamagnetic force
(Fdia ) (Fig. 9.2a).
Fdia = Fgrav + FZ

(9.7)

The levitation gap is the distance between the bottom of the robot and the top of the
graphite surface. It depends on both the weight of the robot as well as the currents that
generate FZ . Typical levitation gaps for the checkerboard-type array are found to range
from 0 µm to 70 µm [53, 54, 105] when the robot is unloaded and includes only the weight
of the magnets themselves. The total levitation gap does not depend on the number of
magnets in the array; however, the payload of the robot does increase with larger magnet
arrays. When the levitation gap becomes 0 µm, the robot operates by sliding [53, 54, 105].
To move a single robot within the board plane, a quadrature drive (Fig. 9.2c) is required
between pairs of traces (i.e., X1-X2 pair and Y1-Y2 pair). The trace pitch is matched to
the robot dimensions of 2 mm. This causes the magnetic array to magnetically “lock” into
a predefined spot on the board, whose steady state equilibrium position can be determined
by changing the relative currents through the traces as shown in Fig. 9.2c [53, 54, 105].
Due to the varying separation between the PCB traces and the robot, current traces farther
apart require more current to impart equal forces onto the robot. Due to the periodicity of
the trace pattern, the drive currents are also periodic, enabling long distance motion of the
robot.
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9.2.2

Micropipette Loading via Capillary Rise

The MicroFactory system is used to perform biological experiments involving the precision
transport and delivery of fluid payloads to microbiological samples. Arrays of (3 × 3) diamagnetically levitated robots function as manipulators which are equipped with custom
micropipettes (end effectors). The robots carry micropipettes on-board and execute “pickand-place” programs in which micropipettes are driven to and positioned at specific locations
in order to load biochemical cargo and dispense biomolecules dissolved in liquid to cellular
microenvironments within hydrogel substrates.
Pipettes are standard fluid handling tools used in microbiology and can hold and dispense
volumes ranging from 10−3 to 10−12 liters. Loading of micropipettes in this experimental
setup relies on dominant surface tension forces at small-scales. Micropipette loading is
analogous to capillary flow from a liquid reservoir into a horizontal cylindrical capillary of
uniform cross section.
When a capillary tube of a sufficiently small radius ` is placed in contact with a liquid
reservoir, the liquid will wet the tube and the air / liquid interface forms a meniscus [147].
The pressure difference across the meniscus is known as the Laplace (capillary) pressure,
and is defined as
P =

2σ
cos θ
`

(9.8)

where σ is the surface tension of the liquid and θ is the contact angle between the liquid
and the glass tube. The Laplace pressure is the total driving pressure which causes liquid
to flow into the micropipette [147].

9.2.3

Chemical Delivery via Diffusion

Delivery of biochemical molecular species occurs passively via direct contact between the
pipette opening and targeted region (e.g., hydrogel substrate), such that transfer is determined by diffusion. The governing equation for this transport process is
∂φ
(~s, t) = D∇2 φ (~s, t)
∂t
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(9.9)
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Figure 9.3: System diagram for hardware control of diamagnetically levitated robot MicroFactory
system. Current amplifiers are used to convert voltage signals from the data acquisition boards to
large currents (0.2-0.7 A). The 4 channel power amplifier board independently controls the currents
in a single zone of control. The PCB consists of a 2×2 array of independently controlled zones that
can be rewired into 4 independent zones, or 2 pairs of clustered independent zones (Z1-Z3, Z2-Z4).
Included in the board is a single zone for changing the orientation of the robot (Z1).

where φ is concentration, ~s is the distance from the center of the pipette contact position,
and D is the diffusion coefficient. This process depends on the viscosity of the substrate, the
size of transported molecules, the size of the pipette aperture, and the time of contact. The
analytical solution for mass transport in one dimension indicates that solute transported
from a micropipette to a hydrogel scales linearly with the pipette aperture area. However,
with the three-dimensional geometry of the pipette contacting the hydrogel as well as the
discontinuity in viscosity, numerical methods are required to model mass transport.

9.3
9.3.1

Methods
MicroFactory System

The MicroFactory is redesigned from previous work [105] for facile integration with an
optical microscope and to fit within a microscope stage. Robots are controlled using a CPU
running custom Python code to control National Instruments Data Acquisition Boards (NI-
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DAQ 6343) which synchronize analog outputs (VIN) to custom built analog power amplifiers.
Fig. 9.3 shows a schematic of the power amplifiers, which convert voltage to current using a
dual channel APEX PA-74 power amplifier and voltage supply rails (VDD, VSS) or ±12 V.
By using two of these operational amplifiers, a single zone can be controlled. The output of
the power amplifiers (Vtrace) are connected to the current traces in the PCB board.
An advantage of using the MicroFactory is that control of multiple, independent robots
is possible. The bottom picture in Fig. 9.3 shows an example of the PCB board, without
the pyrolytic graphite plate, to more clearly illustrate the regions of control (Z1, Z2, Z3,
Z4). Each zone consists of a set of four individual traces (Fig. 9.2b) that are tiled within
the plane and routed out to the connector labeled Vtrace. By tiling these sets of serpentine
traces in 2D space, multiple independent regions of control can be achieved, where each zone
is controlled by its own NI-DAQ and power amplifier.
In addition to the Cartesian zones (Z2, Z3, Z4), which are illustrated earlier in Fig. 9.2b,
the MicroFactory board includes a unique robot turning zone (Z1). The Cartesian zones
provide 3D motion (X, Y, Z), but are unable to change the orientation of the robot. Discrete
rotations of the robot are enabled by smoothly warping the trace geometry to rotate the
entire robot. The symmetry of the magnetic surface field and the robot allows the robot
to obtain discrete orientations (0◦ , 90◦ , 180◦ , 270◦ ) when the robot has finished traveling
through the turn.

9.3.2

Robot Fabrication and Experimental Setup

Custom micropipettes weighing approximately 10 mg are fixed to the top surface of a 3 × 3
magnet array using adhesive. The magnet array by itself weighs approximately 55 mg.
A range of pipette profiles are fabricated by pulling borosilicate capillary glass tubing
(I.D × O.D = 1.17 mm × 1.50 mm, G150-T4, Warner Instruments) using a micropipette
puller (P-87, Sutter Instruments).
The MicroFactory board is mounted onto the stage of a Nikon inverted microscope using a
custom designed stage insert (Fig. 9.4). A standard microscope glass slide is placed adjacent
to zones Z3 and Z4 along the x-axis of the PCB. A fluid reservoir and the biological sample
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Figure 9.4: Integration of diamagnetically levitated robot system with inverted microscope. A
custom insert holds the MicroFactory board on the microscope stage. The inset shows a robot
constructed from a 3×3 magnet array.

are placed along the edge of the microscope slide (Fig. 9.5(a)). The biological sample is a
rectangular hydrogel slab composed of 1.5% (w/v) agar gel (Difco, BD Biosciences).
A small gap along the y-direction, measuring 0.5 mm to 1.25 mm between the edge of
the glass slide and the PCB, ensures that the microscope objective’s field-of-view is not
occluded. This placement enables a small region of the experimental workspace, which
includes the robot’s micropipette and the target biological samples, to be visualized using
the microscope’s optics and camera (Fig. 9.5(b-c)). To visualize the entire experimental
workspace, a second overhead camera (Point Grey Flea3 Monochrome, 6 mm Navitar lens)
captures macroscopic views of the robots’ trajectories across the entirety of the PCB (Fig.
9.4).

9.3.3

Robot Actuation

Each PCB has four regions of control (Z1, Z2, Z4, Z4), which are wired in series to form two
larger zones (Z1-Z3, Z2-Z4) (Fig. 9.6). Using these two larger zones, robots may be actuated
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Figure 9.5: Integration of MicroFactory with biological samples. (a) View from overhead mounted
camera. Levitated robots are equipped with micropipette end effectors to pull biochemical payloads
from nearby reservoirs for subsequent delivery to hydrogel surfaces. The white dotted rectangle
highlights the position of the robot and micropipette. Scale bar is 3 mm. (b) View from microscope.
Positioning of micropipette for loading from a reservoir. (c) View from microscope. Micropipette
dispensing liquid via diffusion to a hydrogel surface. Scale bars are 250 µm.

independently within each of the zones. Fig. 9.6 demonstrates experimental trajectories of
two independently actuated robots. Without the addition of a payload (e.g., micropipette),
the robot has four degrees of freedom that can be controlled. After loading, it is not feasible
to vary the robot’s levitated position.
The robot executes tasks which require positioning accuracy ranging between millimeter and micrometer scales. A typical experiment involves course positioning of the robot
adjacent to the target (e.g., fluid reservoir or biological sample), and fine positioning of the
robot’s micropipette into the target. Since the robots are confined to operate within the
boundaries of the PCB and above the pyrolitic graphite, fluid reservoirs and biological samples must be positioned in close proximity to the outside edges of the pyrolitic graphite such
that the micropipette tip can reach the samples. The trajectories shown in Fig. 9.6 show
the robot traversing the perimeter of the board where samples might be located. Robots are
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Figure 9.6: Two independently controlled, diamagnetically levitated robots execute pre-programmed
planar trajectories. Zones are wired in series such that robots can be independently actuated within
one of two large zones, either Z1-Z3 or Z2-Z4. Scale bar is 6 mm.

typically operated at velocities between 5 and 6 mm/s for transport between the reservoir
and sample, while operation speeds are significantly reduced to between 50 and 100 µm/s
when loading the pipette from the reservoir or dispensing fluid to the biological sample.

9.3.4

Fluorescent Molecule Delivery

In order to visualize chemical cargo loading and delivery, fluorescein is used as a fluorescent
indicator, as well as an analog for a therapeutic payload. The fluid reservoir is filled with
300 µM fluorescein (excitation, 490 nm; emission, 525 nm). In order to visualize the fluorescent dye, a strip of blue excitation LEDs is mounted to the stage and an amber acrylic
emission filter is mounted in front of the camera lens (Fig. 9.4). The robot is equipped
with a pipette tip with an internal diameter of approximately 250 µm. The robot is driven
to the edge of the pyrolytic graphite such that the pipette tip extends into the reservoir.
Once a desired amount of fluorescein is loaded, the robot is driven to a hydrogel slab. The
hydrogel is composed of agar gel, which is a ubiquitous material in life science assays. The
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robot is driven along the x-direction, while precise positioning in the y-direction is used to
contact the pipette tip to the hydrogel surface for delivery via diffusion. For delivery in two
dimensions, the hydrogel slab is mounted onto an automated stage such that the slab can
move in the z-direction, while the robot moves along the x- and y- directions.

9.3.5

Signaling Molecule Delivery

Escherichia coli strain NEB-10 beta harboring plasmid pNDW2 was provided by Dr. Ron
Weiss and Nicholas DeLateur (Massachusetts Institute of Technology, Cambridge, MA).
pNDW2 utilizes components within the rhl quorum sensing system from Pseudomonas
aeruginosa, and enables expression of green fluorescent protein (GFP) in the presence of
sufficient concentrations of the small molecule N-butyryl-L-Homoserine lactone (C4HSL,
Cayman Chemical, 10007898) [106].
E. coli was grown overnight in Luria-Bertani (LB) medium (with 50 µg/mL kanamycin)
at 37◦ C and 200 RPM. Saturated cultures were diluted 1:100 into M9 minimal media (with
50 µg/mL kanamycin, 1 mM thiamine hydrochloride, 0.2% casamino acids, 2 mM MgSO4 ,
and 100 µM CaCl2 ). Cultures were grown to an optical density at 600 nm of approximately
0.4, washed by centrifugation for 10 minutes at 3,000 RPM, and concentrated 50× by resuspension in fresh M9 media. 100 µL of concentrated cell suspension was pipetted onto a
1.5% hydrogel slab composed of M9 agar (10 mm × 3 mm) to form an approximately uniform
cellular lawn.
Cells were induced via diffusion of signaling molecules from a micropipette tip having a
5 µm internal diameter. The pipette was filled with C4HSL at a concentration of 100 µM
(<1% DMSO (v/v)). The pipette tip was inserted into the cellular lawn and the 100 µM
C4HSL source was allowed to diffuse for 10 minutes. The slab was incubated at 37◦ C,
and fluorescent images were taken 3 hours after induction on a Zeiss upright fluorescence
microscope.
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9.4
9.4.1

Results
Micropipette Loading

Micropipettes used in experiments had inlet diameters measuring between 5 µm and 100 µm
(Fig. 9.7a). Pipette fabrication across this range resulted in fluid loading volumes on
the order of 10−9 to 10−12 liters. The smallest fabricated pipette profile had an aperture
diameter measuring 5 µm and can carry fluid volumes smaller than 40 pL (Fig. 9.7a(iii)).

(a)

Pipette Loading Time [s]

250
200
150
100
50
0

5

10

43

Pipette Tip Inner Diameter [µm]
(b)

Figure 9.7: The time to fill a micropipette via capillary pressure depends upon the size of the
aperture at the micropipette tip. (a) Custom micropipettes across a range of tip sizes: (i) 43 µm,
(ii) 10 µm, (iii) 5 µm. Scale bar is 50 µm. (b) Comparison of loading 390 nL of fluid with pipettes of
varying tip size.

Fig. 9.7b provides an experimental characterization of the loading time associated with
drawing a constant amount of fluid using pipettes of different tip diameters. These results
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indicate that loading 390 nL of fluid with a 5 µm diameter micropipette takes approximately
4× longer as loading the same amount of fluid with a 43 µm diameter pipette. The time for
loading a prescribed amount of fluid increases as tip size decreases. The pipette inlet size
limits the flow rate into the pipette, as the flow at the micropipette tip is approximately
laminar [147].
In addition to comparing loading times of a constant fluid volume across micropipettes
with different inlet sizes, the rate of filling a micropipette with a 10 µm diameter aperture
size is presented in Fig. 9.8a. The fluid volume entering the pipette increases linearly with
time [147]. Fig. 9.8b shows the fill volume within the conical portion of the micropipette
at various timepoints during loading. Fluid volumes held within this portion of the pipette
range between 5 nL and 45 nL.
Aperture size at the pipette tip is a significant design parameter in passive fluid handling
since different sizes will result in different loading rates. Visual feedback can be used to
control the fill volume and to pick-up desired amounts of fluid at the reservoir locations.
Additionally, due to the slow time scales of filling, relative to robot motion, expected values
for robot dwell times at reservoirs can be estimated. Since the experimental setup utilizes
both macroscopic and microscopic views of the robots and micropipettes, visual feedback
can be used to automate pipette filling for both picoliter and nanoliter fluid volumes.

9.4.2

Delivery of Fluorescent Molecules

Fig. 9.9 demonstrates patterning of a hydrogel surface with fluorescent dye along a single
dimension. Micropipettes having a large aperture measuring approximately 250 µm are
loaded with a desired amount of fluorescein and the magnetic robot is used to position the
micropipette tip at three different locations. Contact between the micropipette tip and the
hydrogel surface results in diffusive delivery of the fluorescent molecules. The pipette tip
is held in contact with the surface until a desired amount of fluid has been delivered. Fig.
9.9 demonstrates the results of a ‘pulse’ of 300 µM fluorescein delivered in three separate
locations along the hydrogel surface.
To pattern hydrogel surfaces along two dimensions, hydrogel blocks are mounted to an
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Figure 9.8: Fluid loading of a micropipette with an inlet measuring 10 µm in diameter. (a) The
fill volume linearly increases with the amount of time the pipette is held within the reservoir. (b)
Pipette fill volume at various times during fluid loading. The pipette fill volume increases from 5 nL
to 35 nL over the course of 10.5 s. Scale bar is 250 µm.

automated stage which can move in the z-direction, while positioning of the robot occurs
along the x- and y-directions. Fig. 9.10 demonstrates the results of two-dimensional patterning using fluorescent dye as a drug analog. An L-shaped pattern was created by delivering
doses of fluorescein to three locations starting from the top of the hydrogel and moving to
the bottom of the hydrogel along the z-direction. A fourth dose was delivered at a location
adjacent to the position of the third dose along the x-direction. Fluorescein was allowed to
diffuse to each location for 25-45 s before moving to the next delivery location. The resultant
pattern was imaged immediately after the last dose was delivered.
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Figure 9.9: Patterning of a hydrogel surface along one dimension using fluorescent molecules. Scale
bar is 3 mm.

9.4.3

Delivery of Signaling Molecules

Previous work has shown that diamagnetically levitated robots can be driven with micrometerscale precision [53]. Fig. 9.11 demonstrates micrometer-scale precision delivery of liquid
biomolecules to a hydrogel surface. In one experiment, fluorescein is used as a proxy for
a therapeutic or morphogenic payload and a hydrogel slab composed of agar is used as a
tissue phantom. Fig. 9.11(a) shows a representative concentration gradient resulting from
delivering fluorescein to the hydrogel surface using a 5 µm pipette tip. The dye was allowed
to diffuse from the tip into the hydrogel surface for 10 minutes. As a future extension of this
work, this method may be used to validate numerical models that predict mass transport
taking into account pipette tip size, viscosity, dwell time and molecular size.
In a second experiment, the utility of the MicroFactory platform for the study of biological systems is demonstrated. Quorum sensing is a cell signaling system enabled by small
molecules known as homoserine lactones, and is widely studied in order to investigate cellto-cell communication and cell population dynamics [106]. In this work, C4HSL is delivered
to synthetically engineered cells. C4HSL permeates the cell membrane and binds the rhlR
transcription factor, which induces genetic expression of GFP [106]. Typical experiments
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Figure 9.10: Patterning fluorescent dye in two dimensions along the surface of a hydrogel slab.
White numbered circles correspond to the locations and order of delivery. Scale bar is 2 mm.

involving inducing gene expression in cell populations is performed macroscopically either
in liquid culture or on planar agar surfaces molded within large petri dishes [10, 69]. Single
cells or groups of cells are then isolated to measure their fluorescent protein expression. In
some cases, these measurement techniques (e.g., flow cytometry) can be destructive. By
utilizing the fluid handling technique developed in this work, it is possible to address and
induce specific groups of cells with fine spatiotemporal precision. Fig. 9.11 presents the resultant GFP expression of synthetically engineered E. coli after induction with the signaling
molecule C4HSL. 100 µM of C4HSL is allowed to locally diffuse for 10 minutes to a specific
site on a uniform cellular lawn which lives on a planar hydrogel surface. After 3 hours,
gene expression (GFP production) is apparent and the area of induced cells encompasses a
circular region with a diameter less than 100 µm (Fig. 9.11(b)).

9.4.4

Delivery Using Multiple Robots

Large scale pipetting robots deliver fluids at microliter-scales and are commonly used for performing multiple operations in succession on biological samples in standard containers such
as 96-well plates. While these systems offer advantages in terms of programming pick-andplace routines and fast operation, they do not offer micrometer-scale positioning and delivery
of biochemicals to biological samples. Alternatively, micromanipulators equipped with mi-
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(a)

(b)

Figure 9.11: Microscale patterning and delivery of biomolecules. (a) Concentration gradient resulting
from the delivery of fluorescein from a 5 µm micropipette tip over the course of 10 minutes. (b)
Microscale pattern resulting from the induction of bacterial cells with signaling molecule C4HSL.
Scale bars are 100 µm.

cropipettes are common tools for biological manipulation such as cell surgery or injection.
They enable micrometer-scale positioning coupled with the ability to dispense nanoliters of
fluid. However, micromanipulators can only perform single operations in succession and are
bulky instruments. The MicroFactory is a desirable alternative to these techniques because
multiple manipulators can fit easily within the workspace and can perform operations independently and/or simultaneously. This capability is especially significant for biological
experiments where many different biochemical cues need to be delivered simultaneously or
in succession at specific times.
Fig. 9.12 shows three independently driven robots that can be used to deliver a widerange of biochemicals (e.g., growth factors, nutrients, drugs or inducers) at specific experimental time-points in order to effect a desired change in cell state. In Fig. 9.12, two PCBs
are placed side-by-side separated by a gap on the microscope stage. A hydrogel slab is placed
within the gap. Despite the ability to deliver multiple payloads using multiple robots within
this small workspace, the experimental targets (e.g., hydrogel sample or fluid reservoirs)
must be placed along the periphery of the PCBs so that the robots’ end effectors can reach
the targets.
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Figure 9.12: Three independently driven diamagnetically levitated robots performing pipetting operations on a hydrogel slab. Each robot can carry a unique biomolecule which can be delivered to
cells at desired experimental time-points in order to change cell state. The circle, star, and triangle
are artificial fiducials which identify three different robots. Scale bar is 6 mm.

9.5

Conclusion

In summary, we demonstrate a small scale robotic system to deliver nanoliter fluid volumes with micrometer-scale precision. We use passive capillary-driven flow for loading micropipettes and characterize the rate of loading. We visually demonstrate diffusive release
with fluorescent cargo as it infuses a hydrogel substrate. Further, we demonstrate fine-scale
induction of engineered cells with signaling molecules. These tasks may be parallelized with
up to four independently actuated robots carrying different cargo.
Although the procedures demonstrated in this work were controlled as an open-loop
system, visual feedback may be used for closed-loop positioning [129], loading and release
of cargo. Feedback based on the state of cells may additionally be included in the operation
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of this platform. In future work, we envision a system that interacts with cells in real-time
based on changes in cell state, which would enable microscale automation for studies in
nanomedicine and developmental biology.
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Chapter 10

Conclusion
10.1

Contributions

Microrobot systems have the capacity to manipulate cells or tissues, deliver therapies, monitor marine environments, disinfect biofouled surfaces, or establish new laboratory automation technologies. We can imagine swarms of these robots deployed in the human body
repairing damaged tissues, providing feedback of detected disease states, removing arterial clogs, or delivering doses of therapeutics. We can also envision large groups of robots
deployed in biology labs performing parallel operations for high-throughput screening of
pharmaceuticals, or even functioning within new additive manufacturing devices to weave
organic textiles or to synthesize artificial tissues and organs.
This thesis develops a new class of robotic matter called “robotic wetware.” We demonstrate how hardware, software, and programmable biological systems can be integrated to
create more functional microscale robotic systems. We demonstrate soft micro bio robots
(SMBRs), the first microrobot platform which incorporates on-board components derived
from synthetic biology. We demonstrate biocompatible magnetic actuation of SMBRs and
on-board transport of cellular and chemical payloads. Further, we design a flexible, scalable
3D micromolding fabrication process to enable connectivity of inorganic / organic interfaces.
This is also the first time that agar gel has been used as a substrate for robotic systems.
We engineer living chemical actuators and biosensors using a widely studied gene regula135

tory quorum sensing system and characterize their design. Biohospitable SMBRs harbor
these genetically encoded sensors, processors and actuators and for the first time, play a
role in cellular feedback control loops. Finally, we demonstrate the scalability of micro
robot teams by developing diamagnetically levitated milliscale robots for mobile assistants
in microbiological experiments.

10.2

Future Work

Robotic wetware development will be propelled by integration of components from synthetic
biology, tissue engineering, soft matter, and functional materials. For instance, advances in
tissue engineering have enabled structural assembly of materials mirroring the properties
of native tissues. In parallel, synthetic biologists have developed model-based tools and
techniques to engineer biological parts and design microorganisms to produce a desired,
and often non-native, behavior. The instruction set for all living creatures is encoded and
executed in cellular “software” written in nucleic acid base pairs. These gene sequences can
be decoded and transcribed to manufacture proteins, or the “hardware,” which form the
building blocks of organisms. These natural hardware and software mechanisms can be used
to develop biofabrication and control principles for robots and intelligent devices. These
capabilities have led to the emergence of engineered living materials where microorganisms
serve as biofoundries to manufactures new enzymes, biofuels, vaccines, pharmaceuticals, and
bio-based chemicals (i.e., plastics, textiles, fragrances, flavors or cosmetics) [100].
This synergistic combination will ultimately enable fully functional autonomous smallscale robots that will perform a wide variety of tasks. In particular, microrobots are primed
for deployment in biological wet labs to drive biotechnological innovation forward. For example, microrobots have been used to perform single-cell mechanical and genomic analysis [145],
to assemble cell-laden constructs for tissue engineering [28], and to screen for drug efficacy
on mammalian cells [84]. Biological experimentation involves large-scale, high-throughput
due to inherent stochasticity in biological systems. Microrobots offer a flexible means to
perform end-to-end automated experiments that eliminate human-induced variability. In
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particular, synthetic biology faces challenges in understanding feedback control mechanisms
in engineered cellular circuits. It is necessary to understand the intercellular and cell-cell
biochemical processes which enable functional genetic networks. This thesis demonstrates
that SMBRs can be used in the development of testing and characterization of biological
circuits as they add additional elements of the bio-feedback control loop.
Robotic wetware has the potential to fuel the next-generation of intelligent robots and
devices that will leverage fundamental principles of biohybrid design and control. This vision can be realized by extending some of the foundational work in this thesis to continue
to work toward biocompatible swarms. For instance, advanced manufacturing methods can
be explored to create new ways of making biohybrid robots, such as SMBRs. These can
include non-toxic additive and subtractive methods for tissue engineered hydrogels as well
as bottom-up methods to produce raw materials via fermentation and genetic engineering.
Biological organisms can serve as individual manufacturing units where raw material products are encoded into their DNA and transcribed into proteins. Further models and control
modalities can be developed for soft-bodied robots composed of hydrogels, polymers, and
biological materials. Additionally, this work prompts new manufacturing and control technologies to develop smart medical devices such as implants that can sense and respond to
their surroundings, mobile microrobots that can detect and manipulate their environment,
and therapeutic agents to deliver probiotics or cell-produced drugs in vivo.
In parallel to advances in mobile microrobotics, future developments in robotic wetware
can impact grown and living materials for soft, smart, and active interfaces. For instance,
connectivity between organic / inorganic substrates introduces new possibilities for biofabricated wearables which send and receive feedback, bio-based soft robotic sensor skins, and
even new methods for synthesizing organic robotic substrates such as via fermentation.
Together, future work on robotic wetware has the potential to play a role in the next
industrial revolution and the transformational bioeconomy by co-designing bio-based fabrication, materials, and control with biocompatible robotics and intelligent systems.
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